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ABSTRACT
Functionally graded cemented tungsten carbide (FG WC-Co) is one of the main 
research directions in the field of WC-Co over decades. Although it has long been 
recognized that FG WC-Co could outperform conventional homogeneous WC-Co owing 
to its potentially superior combinations of mechanical properties, until recently there has 
been a lack of effective and economical methods to make such materials. The lack of the 
technology has prevented the manufacturing and industrial applications of FG WC-Co
from becoming a reality.
This dissertation is a comprehensive study of an innovative atmosphere heat 
treatment process for producing FG WC-Co with a surface cobalt compositional gradient.
The process exploited a triple phase field in W-C-Co phase diagram among three phases 
(solid WC, solid Co, and liquid Co) and the dependence of the migration of liquid Co on 
temperature and carbon content. WC-Co with a graded surface cobalt composition can be 
achieved by controlling the diffusion of carbon transported from atmosphere during 
sintering or during postsintering heat treatment. The feasibility of the process was 
validated by the successful preparations of FG WC-Co via both carburization and
decarburization process following conventional liquid phase sintering. 
A study of the carburization process was undertaken to further understand and 
quantitatively modeled this process. The effects of key processing parameters (including 
heat treating temperature, atmosphere, and time) and key materials variables (involving 
Co content, WC grain size, and addition of grain growth inhibitors) on the formation of 
Co gradients were examined. Moreover, a carbon-diffusion controlled kinetic model was 
developed for simulating the formation of the gradient during the process. The 
parameters involved in this model were determined by thermodynamic calculations and 
regression-fit of simulation results with experimental data. 
In summary, this research first demonstrated the principle of the approach. Second, a
model was developed to predict the gradients produced by the carbon-controlled 
atmosphere heat treatment process, which is useful for manufacturing WC-Co with 
designed gradients. FG WC-Co materials produced using this method are expected to 
exhibit superior performance in many applications and to have a profound impact on the 
manufacturing industries that use tungsten carbide tools.
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Cemented tungsten carbide (WC-Co), one of the most widely used industrial tool 
materials, consists of a high volume fractions of tungsten carbide (WC) particles 
embedded in cobalt (Co) binder [1, 2]. The compatibility between the hard WC grains 
and the ductile Co binder phase renders the composite to have unique and superior 
combinations of mechanical properties including high modulus, high hardness, high wear 
resistance and moderate fracture toughness. These mechanical properties make WC-Co 
materials indispensable for a variety of manufacturing industries such as metal cutting, 
gas and oil drilling, mining, construction, and other applications requiring extreme wear 
resistance. 
The applications of cemented tungsten carbide are limited by its relatively low 
fracture toughness. Typically the wear resistance and the fracture toughness of 
conventional WC-Co materials are inversely related to each other. In other words, the 
fracture toughness is improved at the expense of decrease in hardness and wear resistance, 
and vice versa. Functionally graded WC-Co (FG WC-Co) provides a viable solution to 
the trade-off between the wear resistance and fracture toughness by tailoring Co content 
and/or WC grain size within the microstructure. For example, a WC-Co with lower cobalt 
content near surface and higher cobalt content in the core provides FG WC-Co with 
2characteristics of hard-surface-tough-core structure [3-5]. Such a hard-surface-tough-core 
structure combines high wear resistance and high fracture toughness in a single 
component giving rise to significant performance gains in comparison to homogeneous 
WC-Co materials [6].
Because of the potential advantages of FG WC-Co, there has been considerable 
research on means for manufacturing WC-Co with microstructure gradients [7-24]. The 
different methods for producing FG WC-Co can usually be divided into two classes: 
“Powder Consolidation Process” and “Atmosphere Heat Treatment Process”. In the first 
class of processes, the gradient is built based on the use of powders of different 
compositions of either cobalt, or grain size, or carbon, or a combination of them in a 
powder compact and then the powder compact is consolidated/sintered to full density [9, 
12]. As there is a variety of methods available for producing powder compacts with 
gradients, such as die compaction, injection molding, electrophoretic deposition, and tape 
casting etc. [9, 12, 13, 16, 21], the powder consolidation process is commonly used to 
make FG WC-Co. Yet the consolidation of FG WC-Co still has many technical or 
economical challenges. Typically WC-Co is consolidated via a liquid phase sintering 
process. Although the liquid phase sintering is very economical for producing 
homogeneous WC-Co materials, it is hard when employing it for manufacturing WC-Co 
with graded cobalt composition primarily because the liquid Co phase will homogenize 
through migration during the liquid phase sintering process. A solution to this 
homogenization problem is to employ high-pressure-assisted solid state sintering 
processes. During the solid state sintering, since there is no liquid phase formed and 
hence no risk of the migration of the liquid, the gradient structure may be preserved. 
3Unfortunately, these high-pressure-assisted solid state sintering techniques have limited 
industrial applications either because they are very expensive or because they fail to 
produce materials with desirable properties.
Distinguished from the first class of the processing methods for making FG WC-Co, 
the “Atmosphere Heat Treatment Process” relies on natural phenomenon of mass 
transport to create compositional gradients in WC-Co components by controlling 
atmospheres during sintering or post-sintering heat treatment. An example is the method 
for manufacturing the so-called dual phase (DP) carbides. According to the process
developed by Fisher et al. [3-5], DP carbides can be prepared by heat-treating pre-
sintered -phase-containing WC-Co specimens in a carburizing atmosphere. As a result 
of the carburization heat treatment, the surface layer is characterized by a very low 






-phase is usually considered detrimental to 
the mechanical properties of WC-Co composites [25, 26], it is desirable for many 
applications using such graded WC-	
-phase. To completely remove 
-phase using the DP carbides process as described above, however, it requires a long 
heat treatment time at the liquid phase sintering temperature, which may eliminate the Co 
gradient, and may also be economically unfeasible.  
Among the many available methods for manufacturing functionally graded WC-Co 
composites, liquid phase sintering remains the most economically viable option if the 
problem of the gradient homogenization due to the migration of liquid phase can be 
overcome. In order to maintain the gradient in the sintered WC-Co composite, the 
theories behind the liquid migration phenomenon need to be understood. Fang et al. [27-
435] found that the migration of liquid phase in the WC-Co system depends on three key 
factors: difference in the volume fraction of liquid Co, difference in grain size, and 
difference in carbon content. In general, liquid phase tends to migrate from regions with 
higher volume fraction of liquid phase to regions with lower fraction of liquid phase, 
from regions with coarser grain size to regions with finer grain size, and from regions 
with higher carbon content to regions with lower carbon content. Although the 
fundamental principles of the liquid migration phenomenon are now understood, the 
manufacturing of FG WC-Co remains a challenge. To date, the process that could be 
applied to manufacture FG WC-Co in a cost effective fashion on an industrial scale is still 
lacking. 
1.2 Research Scope, Hypothesis and Objectives
The main objective of this research is to study the innovative process that is used for 
manufacturing functionally graded WC-Co materials with desirable gradient 
microstructures. Compared with the exiting technologies, the new process is more 
versatile and economic. Based upon the principles of liquid migration and the 
thermodynamic equilibrium of WC-Co system, it is hypothesized that functionally graded 
WC-Co that has a surface with reduced/enriched cobalt content can be created as a result 
of a surface carburization/decarburization heat treatment. Experiments should be 
conducted to demonstrate the feasibility of the proposed concept. Further experimental 
and theoretical studies should be carried out to grain a comprehensive understanding of 
the process.
5The objectives for this research are summarized as follows:
1. Design a process based on the theories of the liquid migration and the
thermodynamic equilibrium of the W-C-Co system.
2. Study the principle of the new process for forming Co gradient in WC-Co 
composites.
3. Experimentally investigate the effects of various process parameters and 
material variables on the formation of gradients during the carburization 
process. The process parameters include temperature, atmosphere, and length 
of heat treating time. The material parameters include Co content, WC grain 
size, and addition of grain growth inhibitors.
4. Theoretically model and simulate the kinetics of the gradient formation during 
the carburization process to predict the formation of the gradient structure as 
function of various process and material parameters. 
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CHAPTER 2
LITERATURE REVIEW
Functionally graded material (FGM) belongs to a class of advanced materials featured 
by gradual transitions in composition, phase distribution, porosity, texture, and grain size 
within a component, resulting in gradual changes in the physical, chemical and 
mechanical properties [1-5]. The concept of FGM is not new and is commonly observed 
in many biological organs and tissues such as animal bone, squad beak, fish scale, plant 
stem, bamboo and many others [6-9]. These graded structures are created by nature over 
millions of years of evolution. In modern engineering, the most famous example of FGM 
is the surface hardened/carburized steel characteristic of relatively high carbon content at 
the surface than that in the bulk [10]. Owning to improved performances achieved by 
FGM, a wide range of processes have been developed to produce FGM involving powder 
metallurgy, pulsed laser deposition, centrifugal casting, infiltration, combustion 
synthesis, slip casting, etc. [1-5, 11-23]. The research of FGM has received great 
attention and is spreading into the fields of mechanical, optical, electrical, thermal, 
nuclear and medical applications [24-27].
Functionally graded cemented tungsten carbide (FG WC-Co) is a typical example of 
FGM. In FG WC-Co, it has a graded distribution of WC grain size and/or Co content 
giving rise to varying wear resistance and fracture toughness throughout the 
microstructure. Compared with the conventional WC-Co material with a homogeneous 
9distribution of composition and microstructure, the performance of FG WC-Co is
optimized and their service life is extended by the superior combinations of fracture 
toughness and wear resistance [28-30].
In the past decades, although there are many methods emerged to produce FG WC-Co 
[31-48]. An economic processing method for making FG WC-Co is liquid phase 
sintering. However, the manufacture of FG WC-Co with graded Co composition via 
liquid phase sintering process is difficult because the liquid Co phase tends to migrate 
and the gradient is homogenized within the material [33, 37, 40]. To meet this challenge, 
extensive fundamental research on the liquid phase migration (LPM) has been carried out 
for the purse of solving the gradient homogenization problem [49-55]. Although the 
principles of LPM have been well understood, there is to date no process that could be 
used to manufacture FG WC-Co in industrial scale except in special cases such as 
processes for making so-called dual properties (DP) carbide [56-59] and WC-Co with 
cobalt enriched surfaces [60-62], both of which form only under special conditions and 
generate only limited microstructure gradients. Other processes for making FG WC-Co 
that are available in literature rely on solid state sintering process or premixing powder 
with different compositions, all of which have severe limitations with regard to their 
versatility and practicality [33, 37, 44, 48]. It is imperative to develop a cost-effective 
process for manufacturing a wide range of FG WC-Co with desirable gradient and 
improved properties, which is the focus of this dissertation. 
In the following sections, first of all, it introduces that important aspects of WC-Co 
system related to the development of FG WC-Co including sintering, phase equilibria, 
composition and microstructure. Second, two examples of FG WC-Co and their practical 
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applications are described. Third, current status of the various methods for fabricating FG 
WC-Co and their limitations are addressed in detail. Fourthly, the fundamental theories 
on LPM during liquid phase sintering are presented. Finally, two models relevant to the 
process of manufacturing FGM are reviewed. 
2.1 Cemented Tungsten carbide
As one of the oldest and most successful powder metallurgy products, cemented 
tungsten carbide (WC-Co) or hardmetal is a two-phase composite material in which 
relatively hard, brittle WC grains are bonded together or cemented by tough, ductile Co 
binder [63]. In Figure 2.1, the phase with dark contrast is the Co binder and the phase 
with light contrast is the WC grains. The manufacturing of WC-Co is based on a powder 
metallurgy route through the following consecutive steps: powder synthesizing, compact 
forming, and sintering. Sintering is a process whereby powder compacts are heated and 
consolidated into a coherent bonded solid body. In this section, the sintering of WC-Co 
composites is described. Furthermore, the phase relationship and the microstructural 
aspects of WC-Co are discussed. 




WC phase  
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2.1.1 Sintering of WC-Co
WC-Co is typically sintered by employing the most economically viable liquid phase 
sintering process which accomplishes full densification without the need of any external 
pressure. In the WC-Co system, the lower melting phase is Co phase and the higher 
melting phase is WC phase. The liquid phase sintering of cemented WC-Co is performed 
at temperatures above the solidus of Co phase. Hence the consolidation of WC-Co is 
completed in the presence of liquid [64]. Reduction of surface energy is the primary 
driving force for densification. A successful liquid phase sintering should meet the 
minimum criteria involving: (i) a low temperature; (ii) solubility of the solid in liquid and 
(iii) liquid wetting of the solid grains. These conditions will lead to a reduction in surface 
energy with liquid spreading. For the W-C-Co system, the liquid Co phase produced 
during sintering satisfies all the basic conditions required for liquid phase sintering owing 
to the good wettability and solubility of WC in the Co phase [63]. The densification 
process during liquid phase sintering of WC-Co proceeds in three stages: (i) an initial 
liquid flow stage in which rearrangement of the particles occurs; (ii) a subsequent 
solution-reprecipitation stage that gives closer packing; and (iii) a final coalescence stage 
in which densification slows to the rate pertinent to the solid phase sintering. 
An alternative way to sinter WC-Co is by means of solid phase sintering. During the 
solid phase sintering, WC-Co is consolidated below the solidus temperature of Co phase 
without involving any liquid phase [63, 64]. Compared to the liquid phase sintering, the 
solid phase sintering requires much longer sintering time and is very difficult to 
accomplish full densification. The remaining porosity that plays an important part in 
initiating fracture is detrimental to the mechanical properties of materials. Therefore, in 
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order to eliminate the remaining porosity, it often uses pressure-assisted solid phase 
sintering techniques, such as hot isostatic pressing or spark plasma sintering. However 
these pressure-assisted solid phase sintering processes are limited in industrial 
applications because of two reasons. The first is that pressure-assisted solid phase 
sintering needs high pressure, which is expensive, and the second is that the mechanical 
properties of WC-Co achieved in solid phase sintering process are not as desired as those 
produced by liquid phase sintering.  
2.1.2 Phase Equilibria in W-C-Co System
The phase relation of W-Co-C system is crucial for the production of WC-Co. There 
have been considerable efforts devoted to develop the W-C-Co ternary phase diagram to 
study the phase relations in this system. The approach initially is completely via 
experiments using X-ray diffraction, metallographic techniques and differential thermal 
analysis. Later on the phase diagrams are established based on combining experimental 
and thermodynamic calculations. 
The phase diagram serves a very useful tool for the process control of the 
manufacture of WC-Co materials. It can be used to determine what phases in existence 
and in what quantities. As an example, Figure 2.2 shows a vertical section of the ternary 
phase diagram of W-C-Co system with a constant Co content at 6.0 weight percent (wt%) 
constructed by Guillermet [65]. It indicates what phases exist as a function of temperature. 
From Figure 2.2, given a WC-Co material carbon content of 5.75 wt%, there is a three 
phase region in which WC, liquid Co, and solid Co coexist in temperature range between 
1300 and 1320oC; at the temperature above 1320oC, only liquid Co and WC phase exist; 
while at temperature below 1300oC, only solid Co and WC phase exist. Additionally, this 
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Figure 2.22Vertical sections of the W-C-Co phase diagram, adapted from [65].
vertical section of phase diagram can be used for selecting the carbon content of the 
system such that the formations of the undesirable phases including the graphite and the 
-phase can be avoided [66]. As clearly shown in Figure 2.2, if the alloy with a carbon 
content falls between the points indicated by “a” and “b”, it will consist of only WC and 
Co phase without any third phase. However, noting that the range of favorable carbon 
contents will be narrowed if considering the fact that the precipitation of graphite or the 
-phase usually takes place at lower temperatures. Figure 2.3 is another example of phase 
diagram of W-C-Co system [67], which is an isothermal section of the ternary phase 
diagram of W-Co-C system with 10 wt% of Co at 1400oC
Though there are differences among the various phase diagrams, phase diagrams 
share some similarities: (1) for compositions corresponding to a W/C atomic ratio close 




























Figure 2.33Isothermo section of W-C-Co phase diagram, adapted from [67].
-phase, which is essentially W3Co3C or Co6W6C, occurs. Other ternary phase of W2C
will be stable only at a much lower carbon content or at a very low cobalt content 
respectively; (3) at W/C below 1, primary carbon will precipitate and remain in 
equilibrium with WC and Co phase in solidified alloys. (4) the two phase WC-Co exists 
only in a narrow range of carbon concentration [63].
2.1.3 Microstructural and Compositional Aspects of WC-Co
Microstructural and compositional studies of WC-Co alloys are of great importance 
for understanding their properties and engineering performances. The mechanical 
properties of WC-Co composites have a strong dependence on the following 
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and its composition; (ii) Phase size and size distribution and (iii) Contiguity, angularity, 
and misorientation of WC phase. Characterizations of these microstructural and 
compositional variables are mostly based on image analysis using different techniques 
including optical microscopy (OM), scanning electron microscopy (SEM), orientation 
imaging microscopy (OIM), transmission electron microscopy (TEM), X-ray diffraction 
(XRD), energy dispersive spectroscopy (EDS), etc.
2.1.3.1 Volume Fraction and Composition of Co Binder Phase
The volume fraction of Co phase is a very important factor influencing the 
mechanical properties of WC-Co materials. In industrial practice, the WC-Co hard 
materials is also characterized in terms of weight percent (wt%). However, the volume 
fraction is more informative than weight percent because the density of Co binder phase
(8.8-9.5 g/cm3) varies with the composition of tungsten, carbon or other alloying 
elements dissolved in the Co phase. Figure 2.4 shows the general trend of various 
mechanical properties variation with Co content. Generally, for a given WC grain size, an 
increase in the volume fraction of Co binder phase gives rise to increased toughness but 
decreased hardness. 
The control of the composition of Co binder phase, particularly carbon composition, 
is equally important. It was reported that an increase in the carbon content of the WC-Co 
material during sintering can cause an abnormal grain growth [68]. However, too high as 
well as too low carbon content can bring about the precipitation of a third phase (either 
graphite phase or  
! besides the tungsten carbide and cobalt phases [66]. The 
occurrence of either the graphite phase or 
 will decrease the strength of WC-Co 
materials and should be avoided.
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Figure 2.44Effect of cobalt content on vickers hardness, compressive and transverse 
rupture strength of WC-	

	, adapted from [63].
To determine the carbon compositions, standard analytical methods are available, 
such as inductively coupled plasma emission (ICP) spectroscopy and infrared (IR) 
absorption carbon determination. Alternatively, the carbon content can be determined by 
measuring magnetic saturation (represented by S) for a nondestructive evaluation [69].
For a given Co content, the magnitude of the saturation magnetization is sensitive to the 
carbon content of WC-Co alloys and S rises as carbon content increases. Specifically, 






where w/oC is the carbon content of the WC phase of the alloy, fCo is the weight percent 














































2.1.3.2 Contiguity, Angularity and Misorientation of WC Phase
The contiguity is a measure of the degree of contacts between WC grains and is 
defined as the ratio of the WC/WC grain boundary surface area to the entire interface 
area of WC/WC interfaces plus WC/Co interfaces. The study of the contiguity is crucial 
as it affects the mechanical properties. The hardness generally increases and fracture 
toughness decreases with the increasing contiguity. The contiguity can be calculated 









where NCC and NBC are the average number of intercepts per unit length of test lines with 
the traces of WC/WC grain boundaries and WC/Co interfaces. It was found that 
contiguity decreases with the increase of Co content and the WC grain size. 
The angularity and the misorientation relationship among WC grains are two 
important features of WC phase in WC-Co materials. The angularity of WC phase refers 
to the degree of surface faceting of the grains. It is well known that the presence or the 
absence of special crystallographic relations between neighboring grains alters the 
properties of materials to a large extent. 
2.1.3.3 Phase Size and Size Distribution
The mechanical properties of WC-Co materials also depend on the size of individual 
phase and its size distribution. For example, a trend of transverse rupture strength 
variation with grain size of WC phase is presented in Figure 2.5. In general, finer WC 
grain size leads to higher hardness and strength but the trade-off is the lower toughness.     
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Figure 2.55Effect of WC grain size on transverse rupture strength of WC-Co hardmetal 
with Co of 12 wt%, adapted from [63].
Traditionally, WC grain sizes are determined from optical micrographs or electron 
micrographs of polished cross-sections of specimens [71]. In this class of image analysis 
methods, the mean linear intercept length method is commonly used in WC-Co 
specimens. In this method, the WC grain size (d) is measured by laying a series of 
uniformly distributed test lines on the planar section and counting the number of times 
that grain boundaries are intercepted, which is calculated from:
N
Ld  (2.3)
where L is the total length of line across WC grains and N is the number of the WC grains 
traversed. Beyond that, this image analysis can be used to analyze the grain size 
distribution. Usually, the linear intercepts in the carbide grains show a distribution very 
close to a logarithmic Gaussian distribution [72].
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Another method for characterizing WC grain size is performed by the magnetic 
coercivity (Hc) measurement. The magnetic measurements are possible due to the 
ferromagnetic Co phase despite the nonmagnetic WC phase. In fact, the average WC 
grain size is approximated from its linear dependence on the magnetic field required to 
restore zero magnetization. Qualitatively, the coercivity rises with a decrease in WC grain 
size if the cobalt content and carbon content are maintained the same. Quantitatively, the 














where VCo is the volume fraction of Co phase and Hc is the magnetic coercivity. This 
simple and convenient technique provides a nondestructive grain size evaluation. 
The size of binder Co phase is a measure of the thickness of the Co layer, which is 
also referred to the mean free path of Co phase. It is defined by the arithmetic means of 
the distance from one WC/Co interface to the other as measured in Co phase. The mean 
Co free path (dCo) depends on both the Co content and the WC grain size, which is 












where dWC is the mean WC grain size, C is the contiguity of WC phase, and VCo and VWC
are the volume fractions of Co phase and WC phase, respectively.
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2.1.4 Grain Growth Inhibitor Doped Ultrafine Grain WC-Co 
As mentioned in Section 2.1.3.3, WC-Co materials with fine grain microstructure 
exhibit marked increase in wear resistance, and transverse rupture strength [63]. It thus
becomes a trend to use finer and finer grades of WC-Co for the manufacture of machines 
tools and wear parts. For such applications, the tool made of ultrafine WC-Co has the 
ability to maintain very sharp cutting edge during use because of their higher hardness 
and improved fracture toughness.
To obtain the fine grain WC-Co materials, the major technical obstacle is to be able to 
limit the WC grain growth during sintering. It is typical to add grain growth inhibitors to 
address the problem of grain growth. The most commonly used grain growth inhibitors 
are vanadium carbide VC and chromium carbide Cr3C2 with TaC and NbC used less 
frequently. Lately, a number of studies were contributed to understand the mechanism for 
the grain growth inhibition but the exact mechanism is still unknown [74-80]. It is known 
that the additions of various grain growth inhibitors can reduce the melting point of Co 
enriched binder phase in WC-Co [78]. Therefore, the inhibitor added WC-Co materials 
are able to consolidate at lower temperature. Sadangi et al. [74] speculated that the lower 
consolidation temperature may contribute to limiting the grain coarsening.
Moreover, it is found that the effects of grain growth inhibition enhances with the 
increasing amount of addition. However, the inhibition effect does not increase when the 
addition exceeds its solubility in the binder phase. Except for that, the excessive addition 
of inhibitor will be detrimental to the mechanical properties of WC-Co itself due to the 
precipitation of brittle phase at the WC/Co interface. It is thus preferable that the inhibitor 
level can be lowered while still maintaining the grain refining effects. 
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2.2 Functionally Graded WC-Co 
Different from the homogeneous WC-Co materials, functionally graded WC-Co 
materials (FG WC-Co) are featured by a nonuniform distribution of the Co content and/or 
WC grain size from the surface to the bulk of the part or from one reference position to 
another reference position within the microstructure. Because the wear resistance and the 
fracture toughness of WC-Co materials strongly depend on their Co content and WC 
grain size, a property gradient can be achieved by introducing a compositional and/or 
microstructural gradient in the microstructure. This property gradient offers a superior 
combination of wear resistance and fracture toughness and therefore the engineering 
performance of materials are greatly optimized. In current practical applications, there are 
two famous graded WC-Co products, both of which are described as follows. 
2.2.1 Dual Phase (DP) carbide
The first example is the Dual phase (DP) carbides that were described as “the most 
significant innovation in the history of cemented carbides since the early 1950s [56-58].
DP carbides are primarily applied in the tools for drilling of rock and mineral. The body 
of DP carbides is characterized by a three-layered structure with different Co contents in 
each layer. To illustrate, the Co distributions in the three distinct layers are shown by a 
schematic plot of Figure 2.6. It is clear that, within the outermost surface layer with a 
thickness of around 1-3 mm, the surface Co content is lower than the nominal Co content 
in the bulk and the Co content is increasing continuously with the distance from the 
outmost surface into the interior. In the middle layer, the Co content is increased to a 
maximum Co value which is higher than the nominal value in the bulk. In the bulk, Co is
22
Figure 2.66Schematic diagram of the cobalt distribution in DP carbides.
uniformly distributed at the nominal value. With this type of Co compositional gradient, 
desirable mechanical properties and performances are acquired. For instance, when the 
DP carbides are utilized in rock drilling, the surface layer with relatively low cobalt 
content provides high wear resistance and high hardness for penetration in rocks or 
mineral. The middle layer between the low cobalt surface and the core of the part 
establishes an enrichment of cobalt content, which gives rise to high toughness that can 
effectively prevent cracks from propagation. Owing to the superior combinations of wear 
resistance and toughness, the drilling tools made of DP carbides display an improved 
efficiency and prolonged life. It was reported that the tools made of DP carbides have an 











region   
WC	

phase region   
Surface   
23
2.2.2 WC-Co with Cobalt Enriched Surface
Another example of FG WC-Co is WC-Co with a Co-enriched surface layer, which 
has been commercialized in fields of metal cutting tools since 1980s [60-62]. This graded 
structure is often used in substrates for coating a thin layer of high abrasive wear 
resistance material, such as TiC, TiN and Al2O3. Prior to the introduction of this type of 
FG WC-Co, the high wear resistant materials are directly coated on the homogeneous 
WC-Co substrates. The coating is usually performed by a chemical vapor deposition 
(CVD) process. Due to differences in thermal expansion, cracks are unavoidably formed 
in the coatings during cooling after the CVD process. When the coated tools are used for 
machining, these cracks might propagate into the substrate and cause failure. The 
enrichment of Co at the surface of the FG WC-Co substrates provides a tough layer that 
prevents cracks emanating the hard but brittle coating from propagating into the material 
thereby the life the tool made of FG WC-Co is elongated. Figure 2.7 shows the cobalt 
distribution present in the WC-Co substrate of the cutting insert.
Figure 2.77Schematic diagram of the cobalt distribution in a cutting insert with cobalt 
enrichment at the surface region.
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2.3 Processes for Manufacturing Functionally Graded WC-Co 
The manufacturing processes for making FG WC-Co can usually be distinguished 
into two classes. The first class is termed as “Powder Consolidation Process” by building 
compositional and/or microstructural gradients in powder compacts then densifies the 
compacts into bulk materials. The second class is termed as “Atmosphere Heat Treatment 
Process” which relies on heat treatment in specific atmospheres to induce mass transport 
and form the gradients at the near-surface region. The following section discusses these 
two classes of processes.
2.3.1 Powder Consolidation Process
The powder consolidation process is usually based on two steps that are gradation and 
consolidation. During the gradation step, the gradient is built in the powder compacts by 
the use of mixture powders with varying grain size or compositions. A smooth or 
stepwise changed gradient will be obtained depending on the method applied for 
producing the graded powder compacts. In the subsequent consolidation step, the green 
compacts are sintered to dense bulk materials. 
2.3.1.1 Die Compaction  
A straightforward means for creating graded compact is through pressing layers of 
powders with difference in compositions and/or WC grain sizes in the compacting die 
[33, 40, 41, 46] as illustrated in Figure 2.8. Afterwards, the graded powder compact is 
sintered to full densification. This simple method is effective in creating gradients in 
powder compacts. However, the disadvantages in the creation of graded powder 
compacts are also obvious, like it is only convenient for processing FG WC-Co with 
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Figure 2.88Schematic diagram of the uniaxial die for compacting layered functionally 
graded WC-Co parts.
simple geometry, e.g., unidirectional gradient in flat-shaped compacts. The disadvantages 
also include: discontinuous gradients, the minimum layer thickness of individual layers is 
often larger than a few hundreds of micrometers as well as discontinuous manufacturing 
with low productivity.
Besides, the consolidation of the powder compact faces many challenges. Although 
the liquid phase sintering is an economical option for consolidating WC-Co, it is not easy 
using it to consolidate FG WC-Co. The first challenge is that the powder compact is 
prone to significant distortion during sintering. The distortion problem is caused by the 
uneven shrinkage of compacts as their sintering behaviors differ with the particle size and 
the composition of the powders. Studies by Rassbach et al. [46] have shown that 
distortions of the parts can be alleviated by adjusting the powders in the different layers. 
The second and the most difficult challenge is that it is difficult to preserve the gradient 
that has been built in the powder compacts. This is because when the powder compact is 








liquid state and the liquid Co phase tends to flow or migrate, resulting in a rapid 
homogenization of gradient that has been built in the green compacts. The 
homogenization of liquid Co phase during liquid phase sintering is attributed to a 
physical phenomenon proposed as liquid phase migration. Extensive studies have been 
dedicated to investigating the phenomenon of liquid phase migration, the details of which 
are introduced in Section 2.4. It has been demonstrated that FG WC-Co materials can be 
manufactured by controlling liquid phase migration during liquid phase sintering [46, 53, 
55, 81-87].
In order to retain the compositional gradient in powder compact, an alternative 
sintering approach is by employing pressure assisted solid phase sintering, such as hot
isostatic pressing (HIPing) or solid phase sintering plus HIPing or high-pressure-assisted 
rapid sintering processes like spark plasma sintering (SPS) [33, 40, 41]. These sintering 
methods not only overcome the gradient homogenization problem but also meet the 
densification requirements. However, these high pressure assisted processes are very 
costly and will cause negative effect to the mechanical properties of materials due to the 
extreme conditions of high temperature and high pressure. Overall, this die compacting 
method is easy and effective and convenient. The biggest difficulty lies in the 
consolidation of powder compacts without homogenizing the gradients.
2.3.1.2 Powder Injection Molding 
The powder injection molding (PIM) is an industrial manufacturing process for 
forming objects by injecting powders into a mold. Compared to the simple die 
compaction method, this technique allows the production of more uniform and more 
complex green parts. Li et al. [45] utilized PIM to mold a double layered graded WC-Co 
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component. During the molding process, the melted feedstock of powders of low Co 
content is injected into cavity A to form a small core. After that this small molded core is 
moved to a bigger cavity B and another melted feedstock of powders with high Co 
content is injected into cavity B to cover this molded core. A double layered compact is 
produced in this process. Subsequently the molded part is sintered to produce an
integrated component with lower-Co-higher-hardness in its outer layer and higher-Co-
higher-toughness in the core. For PIM, it has the same difficulties during the 
consolidation step as the die compaction method has. 
2.3.1.3 Electrophoretic Deposition
The electrophoretic deposition (EPD) is an efficient and low cost process capable for 
fabricating objects with complicated shapes. It has a fairly wide application in many 
industries like coatings, laminated materials and functionally graded materials, etc. This 
process provides a way for producing continuously changed gradients by continuously 
depositing different powder mixtures in the green body. In an EPD process developed by 
Put et al. [37], it is composed of two subprocesses which are the movement of charged 
particles in suspension in the electric field between two electrodes and the subsequent 
deposition of the particle on either of the electrodes. A smooth gradient with varying 
composition and/or thickness can be achieved by changing the process parameters such 
as the supplying rate of different powders as well as other elctrodeposition conditions. 
Then the deposits were removed from the electrode, slowly dried and sintered to bulk 
functionally graded WC-Co. Similar to the other powder consolidation processes, the 
sintering remains a major challenge for EPD.
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2.3.1.4 Local Addition of Grain Growth Inhibitor 
As is well known, for given Co content, the hardness increases with decreasing WC 
grain size. However it is difficult to vary grain sizes continuously though powder 
deposition methods. Greenfiled [36, 42] invented a process that is able to produce the 
continuous gradient by varying grain size. This approach is based on selectively 
introducing WC grain growth inhibitors (mainly Cr and V) into the near-surface-layer of 
WC-Co composites. As a result of this technology, the near-surface region contains 
higher concentration of Cr or V than the core region, which causes the grain size at the 
surface is much finer than that in the core. Finally, FG WC-Co with high wear resistant 
surface and tough core is obtained. However, with a longer sintering time, the high 
surface hardness tends to be offset by the increasing Co content due to the migration of 
the liquid phase from the core region with coarser grain size to the surface zone with finer 
grain size. Hence the sintering condition needs to be optimized to minimize the liquid 
phase migration.  
Beyond that, there might be difficulties associated with applying the grain growth 
inhibitors or their precursors to the surface of the WC-Co green compacts with 
complicated geometries. Also, the application of Cr or V may lead to decreased 
mechanical properties due to the precipitation of brittle carbides at the WC/Co interfaces 
which have been mentioned earlier in Section 2.1.4.
2.3.2 Atmosphere Heat Treatment Process
The atmosphere heat treatment process is often used to improve the metallurgical and 
mechanical properties. It has a long history of industrial applications and one of its most 
famous application is the carburizing heat treatment for steel surface hardening [10].
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During the carburizing heat treatment of steels, work pieces are heat treated in 
carburizing atmospheres to produce products having hard surfaces and tough cores,
which is a typical example of functionally graded material. The atmosphere heat 
treatment process is viewed as an economical and promising manufacturing technique 
because it is a low cost and effective process with high flexibility in the geometries of the 
treated parts.
Considering the advantages of the atmosphere heat treatment process, it is appealing 
to apply it in the fabrication of FG WC-Co materials. In WC-Co system, it is well known 
that carbon and nitrogen can induce the redistribution of liquid Co, which can be 
exploited to acquire the Co gradient by atmosphere heat treating. The DP carbides and 
WC-Co with Co-enriched surface that have been introduced earlier exemplify that the 
graded Co composition can be developed via undertaking atmosphere heat treatments.
2.3.2.1 Carburizing Atmosphere Heat Treatment
The carburizing atmosphere heat treatment process can be used for producing DP 
carbides with Co compositional gradients [56-59, 88-93]. According to the process
invented by Fisher et al. [56-58], DP carbides were prepared by heat treating presintered 
-phase-containing WC-Co specimens in a carburizing atmosphere at a typical liquid 
phase sintering temperature. During the carburizing process, the reaction between carbon 
-phase 
-phase-free surface layer. The surface layer is characterized by 
a very low surface cobalt content rising gradually with the depth into the material. 




-phase is detrimental to mechanical properties of WC-Co, it is desirable 




-phase using the DP carbide process as described above; however, it 
requires a long heat treatment time at the liquid phase sintering temperature, which may 
eliminate Co gradient, and may also be economically unfeasible [57].
2.3.2.2 Denitriding Atmosphere Heat Treatment 
Another example of atmosphere heat treatment process is employing the denitriding 
process for manufacturing FG WC-Co with its surface enriched in Co phase [60-62, 94-
106]. Prior to the treatment process, the first step is to obtain a WC-Co parts containing 
nitrogen either by direct addition of nitrogen containing compounds (TiN, Ti(C,N)) or by 
flowing nitrogen gas during heating. Then these nitrogen containing materials are 
exposed in vacuum or denitriding atmospheric condition, in which the outward diffusion 
of nitrogen and the inward diffusion of titanium result in the surface zone enriched in Co 
phase. Currently, this process is widely used in the substrates for coated machining tools. 
Yet, this process still has limitations for wider applications as the gradient only forms 
under special conditions requiring the addition of nitrides.
2.4 Liquid Phase Migration during Liquid Phase Sintering
In both classes of the processes, “Powder Consolidation Process” and “Atmosphere 
Heat Treatment Process”, a common feature of the two classes of processes is the 
occurrence of liquid phase migration (LPM) during sintering or post-sintering heat 
treatment as introduced in Section 2.3. During the “Powder Consolidation Process”, the 
phenomenon of LPM plays a role in the elimination of the gradient. However, in the 
“Atmosphere Heat Treatment Process”, the liquid phase migration plays an opposite role 
in inducing the gradients. It is therefore necessary to conduct a comprehensive study on 
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the LPM process and then we are able to take advantage of LPM for making functionally 
graded materials. A brief review of the phenomenon of LPM will be given in following 
section. 
2.4.1 Introduction
The phenomenon of LPM was first revealed by Lisovsky [107] who studied the 
process of spontaneous imbibitions of binder melts into pore-free composite materials 
over 20 years ago. He found that when a porosity-free WC-Co (initial Co content 5.9 
wt%) composite composed of WC skeleton filled with a Co enriched phase at 1390 oC
was put into contact with a Co melt pool at the same temperature, the composite body 
imbibed a large amount of the Co melt as shown in Figure 2.9. First, it should be noted 
that the composition of the Co binder phase is in chemical equilibrium with the Co melt 
and therefore this liquid flow cannot be explained on the basis of diffusion of 
components. Second, this type of spontaneous liquid imbibition is similar but essentially 
different from a conventional capillary driven flow. Regarding the flow driven by the 
capillary force, the liquid is spontaneously imbibed into a porous medium when a porous 
medium is putting in contact with a liquid pool. This capillary driven flow is attributed to 
the capillary force at the solid-liquid-gas interface [108]. Therefore, the theories of 
capillary force cannot be used to explain the liquid flow in a pore-free medium without 
the presence of gas phase. The term “liquid phase migration” (short for LPM) is thus 
defined to specifically refer to the flow of the liquid phase in the solid-liquid-two-phase 
system in the absence of any pore space, so as to distinguish it from that in the solid-
liquid-gas-three-phase system. 
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Figure 2.99Schematic diagram of the process of spontaneous imbibitions of binder melts 
into pore-free WC-Co composite materials at 1390oC under vacuum.
A fundamental understanding of LPM is important for manufacturing of various 
functionally graded materials, including FG WC-Co, via the liquid phase sintering 
process. Currently, considerable efforts have been devoted to explore the 
thermodynamics and kinetics principles governing the liquid phase migration process 
[49-55, 81-87, 109-117], which are described as follows. 
2.4.2 Thermodynamics of Liquid Phase Migration
2.4.2.1 Driving Force 
Lisovsky [114] studied the driving force of LPM by modeling the changes in the 
interfacial energy during the imbibition of the metal (Co) melt, which can be described 
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where is the surface tension. d is the particle size. u is the volume fraction of liquid 
phase. K is a coefficient. lV is the volume of the liquid imbibed. The subscripts “ss”
and “ls” represent the solid/solid and solid/liquid interfaces, respectively.
It follows from the equation (2.6) that the migration process happens spontaneously 
when F <0 and 1)2/( slxx  . It serves a criterion to define a class of composite 
materials, such as WC-Co, WC-Ni, Co-Cu, W-Fe, and Fe-Cu etc., having the ability to 
imbibe their own melts. Therefore, Lisovsky’s model theoretically demonstrated that the 
driving force for the liquid phase migration in the solid-liquid system is the reduction of 
the total interfacial energy of the system. 
The driving force of liquid phase migration can also be described by the term “liquid 
migration pressures”, designated by Pm [49]. If Pm is not homogeneous within a system, 
liquid phase will flow from a location with relatively low Pm to a location with relatively 
high Pm. It is worth noting that the liquid migration pressure acts as an imbibition 
pressure or negative pressure, according to its physical effect. The liquid migration does 
not stop until Pm reaches homogeneity everywhere in the system. In other words, the 
liquid distribution reaches equilibrium when the liquid migration becomes homogeneous 
in the system. Therefore, the liquid migration pressure will influence the equilibrium 
distribution of liquid phase and in turn determine the final compositional gradient.  
2.4.2.2 Dependence of Liquid Phase Migration Pressure
Conceptually, it has been clarified that the liquid migration process is driven by the 
reduction of total interfacial energy of the system. The driving force of liquid phase 
migration can be measured by liquid phase migration pressure, Pm. From a practical point 
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of view, in order to control liquid phase migration, it is necessary to identify the key 
factors that affect Pm and establish a quantitative relationship of Pm as a function of these 
factors. 
As liquid phase migration is an interfacial-energy-driven phenomenon, any factor that 
affects the total interfacial energy in a system will affect both the liquid migration 
pressure and the equilibrium liquid distribution. Based on the analysis on the interfacial 
energy in a simplified model system by Delannay et al. [51] Pm is dependent of the 
following five factors: (1) the volume fraction of the liquid phase, u, (2) the grain size of 
solid phase, d, (3) the interfacial energy between the solid and the liquid phase, sl, (4) the 
interfacial energy between grains of the solid phase, ss, and (5) the coordination number 
of the solid grains, nc. In many practical sintering systems, the coordination number nc is 
found to depend on the other three factors (u, sl, andss). For a system with a given solid 
phase, the solid/solid interfacial energy ss is fixed, while the solid/liquid interfacial 
energy sl varies depending on the composition of the liquid phase. In summary, there 
will be only three key factors determining Pm: the volume fraction of the liquid (u), the 
solid grain size (d), and the composition of the liquid phase [55].
Take the W-C-Co system as an example, it has been experimentally demonstrated 
that Pm is dependent on these three key factors mentioned above. Fang et al. [53, 55, 81-
87] documented that liquid phase migrates from the regions with higher volume fraction 
of liquid Co phase to the regions with lower fraction of liquid Co phase, from the regions 
with coarser grain size to the regions with finer grain size, and from the regions with 
higher carbon content to the regions with lower carbon content, as illustrated in Figure 
2.10.
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Figure 2.1010Schematic diagram of the direction of liquid Co migration in sintered bi-
layered sample dependent on the gradients of grain size (dWC), liquid volume fraction (uCo)
and carbon content (C%).
Based on an experimental study by Lisovsky [49, 107, 118], the migration pressure 
Pm was determined by measuring the radius of liquid Co surface filled in V-shaped 




where k0 is a coefficient.
According to equation (2.7), Pm is predicted to diminish when u=0.61, which matches 
with the experimental data of the variation of Pm with u. The dependence of Pm on u was 
determined based on a wide range of u, the relationship of Pm and u is considered 
Coarser dWC || Finer dWC
Liquid Co migration direction 
Higher uCo || Lower uCo
Higher C% || Lower C%
Lower Pm Higher Pm
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satisfactory. However as pointed by the later studies [113] that the simulated results have 
a poor agreement with the experimental data when using this equation (2.7) to predict the 
dependence of Pm on WC grain sizes (d). The linear relationship of Pm with 1/d was 
derived theoretically with the assumption of mono-sized solid WC grains with the same
regular shape uniformly distributed in the liquid Co phase matrix. This assumption fails 
to hold in the true WC-Co system with a wide distribution in WC grain size and irregular 
shapes of WC grains. Therefore, the discrepancy between equation (2.7) and experiments 
is attributed to the linear dependence of Pm on d.
A recent study by Fan et al. [85] modified the relationship between liquid migration 
pressure and WC grain size through experimentally examining the equilibrium cobalt 
distribution in the liquid phase sintered WC-Co bi-layer samples, with each layer having 
different WC particle sizes. The corrected empirical equation of the liquid migration 
pressure, Pm as a function of liquid volume fraction, u and the WC grain size, d is 
expressed as:
4.03/1 /]41.1)1/1[(2048 duuPm  (2.8)
Equation (2.8) is satisfactory to describe the variance of Pm with u, d in WC-Co 
systems with a stoichiometric carbon content. In order to describe the effects of the 
carbon content when WC-Co is not at stoichiometry, however, the equation has to 




CCm xbxbduuP  (2.9)
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where ][Cx is the difference in the molar fraction of carbon in the liquid Co phase with 
respect to stoichiometry and b1 and b2 are empirical coefficients to be determined. In this 
work, the effect of the liquid phase composition on the liquid migration pressure was 
obtained through experimentally examining the equilibrium cobalt distribution in the 
liquid-phase-sintered WC-Co bi-layer samples, with each layer having a different 
controlled liquid phase composition. The dependence of Pm as a function of u, d and 
][Cx is thus obtained as:
)15591(/]41.1)1/1[(2048 2 ][][
4.03/1
CCm xxduuP  (2.10)
The establishment of the dependence of the liquid migration pressure as a function of 
the volume fraction of liquid Co phase, carbon content, and WC particle size is valuable 
for the design and manufacture of functionally graded WC-Co composite materials. A 
desired Co gradient can be acquired by pre-designing a suitable gradient of the carbon, 
cobalt or WC particle size, which can be readily used to design various bi-layered, 
multilayered, or continuously graded structure of WC-Co [53, 55, 81-87].
2.4.3 Kinetics of Liquid Phase Migration
Since the liquid migration process not only depends on the thermodynamics but also 
relies on the kinetics of the process, the kinetics of migration process also needs to be 
established. As mentioned earlier, during the liquid phase sintering of WC-Co system, 
liquid Co phase flows under the action of the gradient of liquid migration pressure. 
Lisovsky [114] found that the flow of liquid was of laminar character and proposed that
the liquid flux is proportional to the gradient of the liquid migration pressure. Using the
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Navier-Stokes equation which is used to describe the flow of a viscous non-compressible 
liquid at constant temperature, he formulated the basic equation for the liquid flow under 
liquid phase migration pressure:
)( mm Pgradkq  (2.11)
where q is liquid flow, km is the migration coefficient.
Based on equation (2.11) as well as on the law of conservation of mass, the 
differential equation that describes the mass transfer of the liquid phase by the 
mechanism of migration is derived,





where t is the time and 2 is the Laplacian operator.






























where r is the radius, z is the coordinate, and  is the angle.
Fan et al. [53] derived an equation to describe the LPM phenomenon, in which three 
assumptions were made: first, the solid phase skeleton is not rigid but flexible during the 
process; second, the grain shapes and sizes are held constant; and third, there is no 
chemical gradient within the system except that the volume fraction of the liquid phase 
may vary with locations. In the model, a moving coordinate in the direction of LPM was 
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used. In the coordinate, the motion at any point is relative to the solid phase skeleton at 
that point, and thus the velocity of the solid phase skeleton at any point is zero. 
Consequently, the volume change of the selected control volume results solely from
imbibing the liquid, bridging the relations between the volume, the cross-sectional area, 
and the liquid volume fraction in the controlled volume. The governing equation of LPM 




















































where Ao is cross-sectional area (m2) perpendicular to the LPM direction at initial time; t
is time, s; u is liquid volume fraction (=Vl/((Vl+Vs), where Vl and Vs are liquid volume and 
solid volume, respectively); uo is liquid volume fraction at initial time; l is the distance 
(m) in the LPM direction; kp is the permeability of the system, which has the unit of m2; 
is the viscosity of liquid, kg m-1s-1; Pm is the liquid migration pressure, Pa. Since Pm and 
kp are both dependent on liquid volume fraction u, equation (2.14) is an equation with u
as the dependent variable, and t and l as the independent variables.
This equation is the governing equation of LPM that can be applicable to many other 
material systems that satisfy the three basic assumptions with regard to the microstructure 
parameters. It is noted, however, the governing equation has been derived without any 
assumptions with regard to the microstructure parameters such as dihedral angle and the 
shape of solid grains. The effects of the microstructure parameters of the material system 
are implicitly considered by taking their effects on the values of Pm and kp into account. 
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2.5 Review of Models 
Process control performed by the trial and error method is expensive and time 
consuming. Theoretical simulation of the process is indispensable because it can reduce 
the amount of experimental efforts. Viewing this, a mathematic model has been built in 
this dissertation work. There are majorly two models that have contributed in developing 
the model, namely the model of the steel carburization process and the model of the 
moving boundary problem. The following sections will review both models. 
2.5.1 Modeling of the Gas Carburizing Treatment of Steel
Gas carburizing process [10, 119, 120] is a case hardening process. Carbon is 
absorbed in the surfaces of steel parts. The resulting gradient of carbon content causes a 
gradient of hardness, producing a strong, wear resistant surface layer in the material. In 
gas carburizing, the source of carbon is carbon-rich atmosphere produced either from the 
gaseous hydrocarbons (for example, methane (CH4), propane (C3H3), and butane (C4H10)), 
or from vaporized hydrocarbon liquids. Usually the evaluation of the quality of the 
carburized steel components is based on the surface carbon content and the case depth of 
the carburized layer. To ensure a satisfactory quality of the carburized parts with stable 
performance reliability, it is necessary to understand the mechanism of carbon transport 
during the carburization process and then simulate this process.
2.5.1.1 Mechanisms of Carbon Transport 
Figure 2.11 schematically shows the mass transfer mechanism in the carburizing 
[121-123]. It shows that the carbon transport from atmosphere to material proceeds in the 
following steps: (i) chemical reactions in the gas phase; (ii) carbon diffusion from the
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Figure 2.1111Schematic representation of carbon transport in carburization process.
atmosphere to the component surface through the boundary layer; (iii) surface chemical 
reaction; (iv) diffusion of carbon into the bulk of the material.
2.5.1.2 Formulations and Solutions 
Formulations of the model of the gas carburization process depend on the assumption 
of the constant or nonconstant surface carbon composition.    
When the rate of the carbon transfer from the atmosphere to the interface within the 
boundary layer is much faster than that of the diffusion within the material, it assumes 
that the carbon concentration at the surface (CS) is constant and equals to the carbon 
)( SP CCJ  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potential in the atmosphere (CP) [124-126]. This assumption is justified since in that 
situation the carburization kinetics is controlled by the diffusion in the material which is 
the rate limiting process. 
The carbon diffusion in materials is described by the Fick’s second law. The diffusion 


























where C is carbon concentration as a function of time (t) and the distance (X). u=1 for 
concave surface, u=0 for plane surface, u=-1 for convex surface. r is the radius of the 
curvature. D is the diffusion coefficient.    
For simplicity, it is considered a one-dimensional diffusion. To solve the diffusion 
equation (2.15), the simplest way is employing an analytical method [124] and the 













where C0 is the initial carbon content in the bulk, CS is the surface concentration of 
carbon which is assumed to be equal to the atmosphere carbon potential (CP).
In some circumstance, the carburization process is mixed controlled. The carbon 
concentration on the surface is not equal to the carbon potential in the atmosphere and is 
the combined results of the mass transfer in the gas boundary layer and the diffusion in 
the material [122, 123, 125, 127-136]. For example, in Rowan’s model [134], the 
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carburizing process is modeled using a second-order parabolic partial differential 
equation for describing the carburization in the material and a set of boundary conditions 
accounting for the mass transfer coefficient at the surface and the kinetics of the 
interfacial reactions.
Based on the flux balance at the gas-material interface (Figure 2.11), it is assumed 
that the amount of carbon produced by the surface reaction is equal to the flux of carbon 






where  is the mass transfer coefficient of carbon transport within the boundary layer. C
is the carbon content as a function of position X and time t. CS is the surface 
concentration of carbon which is not equal to the atmosphere carbon potential CP. D is 
the diffusion coefficient. From equation (2.17), the rate of carbon transport at the 
interface is directly proportional to the difference between CS and CP. Equation (2,17)
serves as a boundary condition.
In this case, the carbon concentration profiles are computed iteratively and assuming 
a semi infinite geometry initially at uniform constant carbon concentration. The 
















































where C corresponds to the carbon concentration at a particular location (node i) and 
specific time (t). X is the space increment between the neighboring nodes and t is the 
time increment.  
To account for the mass transfer at the interface, carbon concentration at the boundary 













































The governing diffusion equation (2.18) combined with the corresponding boundary 
equations can be solved numerically. 
2.5.1.3 Choice of Kinetic Parameters 
In order to solve the equations formulated above either analytically or numerically, it 
needs prior information regarding the kinetics or transport data. The primary kinetic 
parameters involve the carbon potential in the atmosphere (CP), the carbon transfer 
coefficient in the boundary layer () as well the carbon diffusion coefficient (D) in the 
steel. Generally, these parameters are taken from literature or thermodynamic 
calculations. A brief review of the determination of these key parameters is given as 
follows. 
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The atmosphere carbon potential (CP) is the amount of carbon in the atmosphere that 
is in thermodynamic equilibrium with the surface carbon content in the material. In 
thermodynamics, CP can be calculated from the chemical reactions at given temperature 
and gas composition. The practical carburizing atmospheres are usually produced by 
mixing air and natural gas in a fixed proportion and composed of CO, CO2, H2O, CH4,
H2, N2, etc. [121-123, 127-131, 137-143]. Therefore the generation of carbon in the 
carburizing atmosphere is a complex process where various chemical reactions occur 
simultaneously. Three principle reactions contribute the most to the carbon transfer from 
atmosphere to the parts [122]:
2][2 COCCO ! (2.21)
24 2][ HCCH ! (2.22)
OHCHCO 22 ][ ! (2.23)
where ][C represents the atomic carbon on the surface of treating parts.












where Keq is the equilibrium constant. PH2 and PCH4 represent the partial pressure of 
hydrogen (H2) and methane (CH4). 
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According to the mechanism of the gas carburizing for steel, the mass transport from 
the atmosphere to the surface of the steel parts is through the boundary layer as shown in 
Figure 2.11. The carbon mass flux (J) in the unit of g m-2s-1 within the boundary layer can 
be expressed as: 
)( SP CCJ   (2.25)
where is the mass transfer coefficient (m s-1) in the boundary layer,   is the density of 
the part, CP and CS are the carbon potential in the atmosphere and carbon concentration at 
the surface of the material, respectively.
 is a value that describes the combined effects of all reactions that occurred within 
the boundary layer including the surfaced reaction, the mass transfer though the boundary 
layer, and the adsorption of atomic carbon by the surface [122, 123, 125, 127-136]. If the 
rates of the mass transport in the boundary layer and the surface adsorption are very large 
compared to the diffusion within the material, their effects can be neglected and the 
atmosphere carbon potential CP equals to the carbon concentration CS on the surface. 
However, if the mass transfer in the boundary layer is comparative to the mass diffusion 
in the material, the mass transfer coefficient  has an influence on the overall kinetics of 
carburization. Studies have shown that with the increase in , both the case depth of the 
carbon gradient and the surface carbon content increase.  
 relies mainly upon the gas carbon potential and the gas composition. To investigate 
the effects of the gas composition and gas carbon potential, several independent authors 
[127-131] measured  using thin foils in the carburizing atmospheres varied in ratios of 
CO and CO2. Although some variances in the magnitude of  values, their findings 
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indicate a similar trend: (i)  changes drastically in the range of 0-30 % of each of these 
gas constituents; (ii) in such atmosphere,  is only slightly dependent on the atmosphere 
carbon potential. However, when the ratio of these gases is in the range of 30-70 %, 
becomes independent of the atmosphere composition and is influenced by the carbon 
potential only. 
Once the carbon atom is absorbed on the surface, the mechanism of the further carbon 
transport is determined by the carbon diffusion within the material. In the fundamental 
Fick’s diffusion law, it uses the diffusion coefficient to describe the diffusion 
phenomenon. The diffusion coefficient (D) is considered as a proportional constant that
depends on the nature of the substances. The carbon diffusion coefficient of a specific 
material varies both with carbon concentration and carburizing temperature. Extensive 
research [124, 134, 144-147] has been devoted to measure diffusion coefficient of 
carbon. For example, it was reported that the carbon diffusion coefficient in austenite as a 






where )( FeCD  is the diffusivity of carbon in austenite. C is the carbon concentration in 
weight percent. T is the temperature in K. R is constant of 1.99 cal/mol/K. 
Besides, diffusion of carbon is affected by the other alloying elements containing in 
the steel parts [145]. If the alloying elements tend to form more stable carbides than iron, 
the presence of these elements (like Cr, Mn, Mo, V) has a positive effect on the carbon 
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diffusion and the diffusion coefficient increases. However for a group of alloying 
elements (such as Si, Ni), they are not carbide formers and tend to decrease the 
diffusivity of carbon in steel. For low alloy steels, the influence of the alloying elements 
may be negligible, but for the medium- and high- alloyed alloys, their effects have 
appreciable influence to the total diffusivity. Presently little theoretical and experimental 
knowledge is available to quantitatively describe the effects of the alloying components 
on carbon diffusivity.  
2.5.2 Modeling of Moving Boundary Problem
Boundary value problems occur in many engineering processes in which the solution 
has to satisfy certain conditions on the boundary of a prescribed domain. However, in 
many important processes involving the changing of states of matter, boundary separating 
different phases develops during the process. In these problems, the position of the 
boundary of the domain is not known in advance and has to be determined as part of the 
solution. The term “Moving Boundary Problem” is commonly used when the boundary is 
time dependent and the position of the boundary needs to be determined as function of 
time and space. Moving boundary problems are usually called Stefan problems, which 
were studied as early as 1831 by Lame and Clapeyron [148]. However, J. Stefan [149, 
150] was given the major credit with reference to his work on the melting of the polar ice 
cap around 1890.
Many physical processes can be modeled as moving boundary problem [151-161].
The practical applications of the moving boundary problem are mainly but not 
exclusively concerned with heat transfer or mass diffusion incorporating a concurrent 
phase transformation, fluid flow in porous media, shock waves in gas dynamics and 
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cracks in solid mechanics. Moving boundary problem also occurs in many metallurgical 
processes, for example, heat treatment, electro-deposition, transient liquid phase bonding,
aluminide coating, etc. [153, 155-161].
2.5.2.1 Formulation 
The formulation of moving boundary problem requires not only the initial and 
boundary conditions to be known but also needs the boundary conditions at the moving 
interface [152, 154]. For explanation purpose, a simple example of moving boundary 
problems, ie., the melting of a semi infinite sheet of ice would be formulated and 
described. Although this simplified example may not reflect real moving boundary 
problem, it is very useful for illustrating the way of formulating the moving boundary 
problems.
A semi infinite sheet of ice is initially solid at a temperature (T0) below the melting 
point (Tm). Subsequently, the surface of the ice sheet is heated and maintained at a 
constant temperature Tb, which is greater than the melting point, Tm. The melting of ice 
occurs immediately on the surface and it forms an interface separating a region of water 
from a region of ice. This moving interface moves from the surface into the ice-sheet. It 
is represented by S(t) which is the position of the water phase at time t. X is the space 
coordinate measured from the outer surface of the sheet, X=0. 
If T1(X, t) and T2(X, t), respectively, represent the temperature distributions in the 
water and ice phase at time t, the problem is to find the unknowns T1(X, t), T2(X, t), and 































" , S(t)<X<L, t>0                             (2.28)
where 	=KT/(
) is thermal diffusivity.  is density. c is heat capacity and KT is thermal 
conductivity. The subscripts 1 and 2 denote liquid water phase and solid ice phase, 
respectively. L is far boundary of the system.
The boundary equation and the initial equations are given as:
T(X, t)=Tb, X=0, t>0 (2.29)
T(X,t)=T0, #!X , 0$t (2.30)
S(t=0)=0, t=0                                                   (2.31)
Two further conditions are needed on the moving boundary:










 12 , X=S(t)                                  (2.33)
where  is latent heat of fusion per unit volume.
The equation (2.33) is also called the Stefan condition, which can be derived by 
referring to Figure 2.12, which shows the boundary moving a distance X& in time t& . In 
order to melt the ice contained per unit area perpendicular to X in the shaded region an 
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Figure 2.1212Schematic illustration of Stefan condition.
amount of heat ( X%& ) is required. An amount of heat ( XTtKT &&& /1 ) enters the shaded 
element from the water phase and ( XTtKT &&& /2 ) escapes into the ice. Assuming there 
are no heat sources on the interface the heat balance of the shaded element requires that 
dtdSXTKXTK TT /// 12  % , which is the equation (2.33).
2.5.2.2 Solution
Due to the wide range of applications of moving boundary problems in engineering 
and science, they have attracted considerable attention from the mathematicians to 
develop mathematical solutions to various moving boundary problems. Basically, the 
different solutions are classified into two categories: analytical and numerical solutions. 
The Goodman’s and Neumann’s methods [152, 154] are well-known analytical 
methods. These analytical methods are mainly for the one-dimensional cases of an 



















As analytical solutions are frequently impossible for most engineering and scientific 
applications, numerical methods, such as finite difference methods are the most 
commonly used in solving moving boundary problems; however, in recent years, finite 
element methods and boundary elements methods have also been introduced. The 
advantage of finite element methods and boundary elements methods is their ability to 
handle complex geometries but they require more computation time and are less suitable 
to vectorisation and parallel computation than finite difference methods. 
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CHAPTER 3
PRINCIPLE OF THE NEW APPROACH 
In this chapter, an atmosphere heat treatment process is described and analyzed based 
on the understanding of liquid phase migration and thermodynamic equilibrium in W-C-
Co system. It was hypothesized that a Co gradient can be achieved by controlling 
diffusion of carbon transported from the atmosphere during sintering or during a post-
sintering heat treatment. In principle, carburizing or decarburizing atmosphere heat treat 
process can be conducted to make FG WC-Co with reduced or enriched Co gradient in 
the surface region. The atmosphere heat treatment process of straight WC-Co (without 
other additions) following conventional liquid phase sintering will be verified.
The chapter is organized as follows: the first section describes the concept of this
process. In the second and third sections, carburizing and decarburizing atmosphere heat 
treatments are designed respectively for creating a Co gradient near the surface of WC-
Co composites. The principles and mechanisms of the cobalt gradation formation in both 
the carburization and decarburization processes are detailed.
3.1 Concept of the Process
Figure 3.1 [1] is a vertical section of a ternary phase diagram of W-Co-C system with 
10 wt% Co. There is a three phase region in which WC, liquid cobalt, and solid cobalt co-
exist as shown by the shaded area in Figure 3.1. At a given temperature within the three-
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Figure 3.113Vertical section of ternary phase diagram of W-C-Co at constant Co of 10 
wt%, adapted from [1].
phase zone, the volume fraction of the liquid is a function of the carbon content. For 
example, at 1300oC, the volume fraction of the liquid phase with carbon content at point 
CL (as marked in Figure 3.1), is maximum and at point CS, the volume fraction of the 
liquid approaches zero. Thus, if there is a gradient of carbon content in a WC-Co material 
that traverses the range between point CS and CL, there will also be a gradient in the 
volume fraction of liquid, which would give rise to migration of the liquid Co phase. In 
this research, the carbon gradient is established by heat treating fully sintered WC-Co in a 
carburizing atmosphere or a decarburizing atmosphere. 
For the WC-Co material that is heat treated in the carburizing atmosphere, it should 
have an initial carbon content that is less than CL, and preferably less than CS. During the
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to a carbon gradient between the surface and the interior and a significant increase in the 
liquid Co volume fraction near the surface. The increase of liquid Co in the surface 
region perturbs the balance of the liquid Co distribution, which in turn leads to migration
of Co from the surface with more liquid Co towards the core with less liquid Co [2-4].
Therefore, a continuous Co gradient with a lower Co content near the surface is created.
For the WC-Co material treated under decarburizing atmosphere, it should have an 
initial carbon content that is more than CS and preferably more than CL. During the 
decarburization heat treatment, a small decrease in the carbon content near surface will 
lead to a carbon gradient between the surface and the interior and a significant decrease 
of liquid Co volume fraction near the surface. The decrease of liquid Co near surface 
breaks the balance of the liquid Co distribution and therefore induces the migration of Co 
from the interior region with more liquid Co towards the surface region with less liquid 
Co. Hence, a Co gradient with higher Co content near the surface is developed.
Note that there are three key underlying principles intrinsic to this method. One is that 
the liquid will flow from regions with a high volume fraction of liquid to that with a low 
fraction of liquid. The second is that the gradient of the volume fraction of liquid can be 
induced in-situ by introducing a carbon gradient in the material. The third is that a 
gradient in the volume fraction of liquid, as a function of the carbon gradient, is greatest 
within the temperature range in the three-phase zone in the phase diagram. The process 
for manufacturing FG WC-Co is thus designed to utilize those three principles in sync to 
maximize their effects on creating gradient microstructures. In the following sections, the 
feasibility of this process is demonstrated by both carburizing and decarburizing 
treatments of conventional fully sintered straight WC-Co. 
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3.2 Carburization Heat Treatment Process
The carburization heat treatment process is designed for creating a Co gradient near 
the surface of WC-Co composites. To validate the concept of this process, the heat 
treatments were conducted at three temperatures: 1400oC, 1300oC and 1250oC. As noted 
previously in Section 3.1, 1300oC was selected because it is within the three-phase 
temperature window. In comparison, 1400oC is the typical liquid sintering temperature in 
the WC-Co(l) two-phase region, while at 1250oC the system is completely solid. The 
treated samples were compared with the untreated samples to examine the effects of heat 
treatment.
3.2.1 Experimental
WC-Co powders with 10 wt% Co by weight were used in this study with a slightly 
substoichiometric carbon content (5.425 wt%). Tungsten powders were added to 
commercial WC powder to reduce the total carbon content. The powder mixtures were 
ball milled in heptane for four hours in an attritor mill. The milled powders were dried in 
a Rotovap at 80oC and then cold-pressed at 200 MPa into green compacts with the 
dimension of 2x0.6x0.7 cm3. The green compacts were sintered in vacuum at 1400oC for 
one hour. The sintered specimen was cut into two halves before heat treatment. To avoid 
the influence of the atmosphere during sintering on surface compositions, only the cross 
sections of the cuts were used for analysis of the effects of heat treatment.    
Carburizing heat treatments of the sintered samples (after being cut into halves) were 
conducted in atmospheres of mixed methane (CH4) and hydrogen (H2) with a ratio 
(PCH4/PH22) of 1/150 atm-1 at different temperatures for 60 min. 
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For analyzing microstructure and compositions of the samples, cross-sections of these 
specimens were polished and etched with Murakami’s reagent. Cobalt concentration 
profiles perpendicular to the surface were measured using the energy dispersive 
spectroscopy (EDS) technique. Each data point of the cobalt composition reflects an 














direction perpendicular to the surface. In this way, the measurement was performed to the 
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  rface. The carbon content was excluded from 
quantitative analysis since EDS is not a suitable technique. The standard deviation of the 
data is approximately ' 0.36% of the average value of 10%, which is obtained by 
performing 40 repeated measurements on a standard WC-10 wt% Co specimen with 
uniform microstructure. These measurements were made at different locations on the 
cross-section of the standard specimen. 
3.2.2 Results and Discussions 
Figures 3.2 shows the effects of heat treatment temperature when the carbon potential 
of the atmosphere (expressed by PCH4/P2H2) and heat treatment time were held constant. 
Before heat treatment, the microstructure of the WC-10Co specimen (Figure 3.2a) was 
homogeneous and there was no free carbon or -phase in the microstructure. After heat 
treatment at 1300oC, a microstructural gradient (Figure 3.2b) developed from the surface 
inward. This was demonstrated by the reduced amount of the phase with darker contrast 
(cobalt phase in the surface region) than that in the inner. This suggests that the cobalt 
content in the surface region is lower than that in the inner region. Free carbon was not 
observed, indicating that the carburization process was not excessive.  
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Figure 3.214Cross-sectional SEM micrographs of polished cross-sections of WC-10Co 
samples (a) before and (b) after heat treatment at 1300oC for 60 minutes in an atmosphere 
with PCH4/PH22 ratio of 1/150 atm-1.
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Figure 3.3 shows the Co concentration profiles of the heat treated WC-10Co
specimens and the effects of temperature. For the specimen heat treated at 1300oC, there
is a continuous Co gradient, while the Co profile in the specimen before treatment is flat. 
It is shown that within a depth of approximately '&	(
 Co concentration increases 
gradually from about 5 wt% in the surface region to 10 wt% in the bulk of the sample. 
However, this trend of a Co gradient was not seen in the specimens treated at 1400 or 
1250oC. When the specimen was heat treated at 1400oC (where total Co is in liquid) in 
the same atmosphere, a significant amount of free carbon was formed near the surface 
while no gradient was observed. Furthermore, when the specimen was treated at 1250oC
in the same atmosphere, the microstructure showed essentially no change from its initial 
condition. There was neither a Co gradient nor free carbon phase that could be found. 
Figure 3.315Cobalt concentration profiles of the sintered WC-10Co samples before and 
after heat treatments at temperatures of 1250, 1300 and 1400oC in the atmosphere of 
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3.2.3 Mechanism of Cobalt Gradient Formation
The experimental results of this study clearly demonstrated that a Co-gradient in the 
surface region can be created by heat treating fully sintered WC-Co in a carburizing 
atmosphere. The formation of the Co gradient is the result of two processes: carbon 
diffusion due to the carbon gradient, and liquid Co migration induced by a gradient of the 
liquid phase as a function of the carbon content.
The mechanism of the Co gradient formation in the proposed process is explained 
schematically in Figure 3.4. In the WC-Co system with 10 wt% Co, over the temperature 
range from 1270oC to 1325oC, there is region in which Co(l)-Co(s)-WC(s) co-exist 
(Figure 3.1), and a small increase in carbon content will lead to a significant increase in 
the amount of liquid Co. Assuming specimen WC-10Co is heat treated at 1300°C, the 
initial overall-carbon-content of the specimen is at Ci (as denoted in Figure 3.1) and the 
corresponding initial carbon composition in Co phase throughout the material is [C]i (as 
denoted in Figure 3.4). Since the initial overall-carbon-content (Ci) of WC-Co sample is 
located in the Co(s)-WC(s) two-phase region, there is no liquid phase existing prior to the 
process at any given temperature within the range of the triple phase field (1300oC, for 
instance). Before carburization begins, the carbon and cobalt contents are uniform 
throughout the entire specimen; thus the volume fractions of liquid cobalt and solid 
cobalt (VS and Vl) in the surface region are equal to those in the core region, Figure 3.4a.
Thus, the distribution of liquid cobalt is uniform between the surface and the interior.
During heat treatment in a carburizing atmosphere, the carbon concentration in the cobalt 
phase near the surface is increased to [C]Surf (Figure 3.4b) as a result of the diffusion of 
carbon into the material, even though the carbon composition in the not yet affected core
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Figure 3.416Schematic plots illustrating the formation of a Co gradient as a result of 
migration of liquid Co during carburizing heat treatment at 1300oC. (a) profiles of C 
concentration in Co phase ([C]), liquid Co volume fraction (Vl), solid Co volume fraction 
(Vs) and total amount of Co (Vl+Vs) before carburization, showing uniform distribution of 
C, Co, liquid Co and solid Co. (b) profiles of gradients of [C], Vl and VS after 
carburization but before liquid migration occurs, showing imbalance of liquid Co 
distribution between carburized surface region and interior region. The imbalance of 
liquid Co distribution drives liquid Co to migrate from liquid-rich surface to liquid-poor 
interior. (c) profiles of the gradients of [C] and (Vl+Vs) after liquid migration, showing 
formation of Co reduced zone due to inward migration of liquid Co.
region is still homogeneous at [C]i. Subsequent inward diffusion of carbon will result in 
the carbon profile shown in Figure 3.4b, where the carbon concentration ([C] in Figure 
3.4) decreases as a function of depth from [C]Surf to the nominal value of  [C]i. When the 
carbon concentration in the Co phase is increased to a threshold value corresponding to 
the overall-carbon-content of CS (as seen in Figure 3.1), the solid cobalt phase is partially 
transformed to liquid according to the phase equilibrium of W-C-Co system (Figure 3.1). 
It results in the increase in Vl and the decrease in VS in the surface region; hence gradients 






















in VS and Vl develop (Figure 3.4b). Consequently, the liquid cobalt will migrate from the 
surface region with more liquid cobalt towards the core region that has less liquid cobalt. 
It is noted that after reaching the equilibrium liquid cobalt distribution, the volume 
fraction of liquid cobalt in the surface region (with a lower total cobalt content and higher 
carbon content) is equal to that in the core region (with higher cobalt content and lower 
carbon content). Therefore, with the progress of surface-carburization, a cobalt gradient 
with reduced cobalt content in the carburized surface region is created, as shown in 
Figure 3.4c. 
In contrast, a Co gradient was not formed when the WC-10Co specimen was heat 
treated at the typical liquid phase sintering temperature of 1400(C, at which there is a 
two-phase equilibrium between WC and liquid cobalt (Figure 3.1). Even though a carbon 
gradient would still form under the same carburizing atmosphere, it is difficult to induce 
liquid Co migration because there are little differences in terms of the volume fraction of 
the liquid phase at this temperature (Figure 3.5). As a result of the carburization treatment, 
near the surface region the carbon is saturated. Therefore, free carbon phase was observed 
in the peripheral surfaces of the specimen where the carbon content is oversaturated.  
Beyond this carbon saturated region, there is still a carbon gradient (Figure 3.5b). Based 
on our previous results [2-4], a liquid phase will usually migrate from a region with a 
higher carbon concentration to a region with a lower carbon concentration during the 
sintering of WC-Co, due to the effect of carbon concentration on the interfacial energy 
between the liquid phase and the solid WC grains. It is therefore reasonable to expect that 
a Co gradient may form as a result of the heat treatment. However, a Co gradient was not 
observed in the specimen that was treated at 1400(C. This can be understood on the basis 
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Figure 3.517Schematic plots illustrating carburizing heat treatment at 1400oC. (a) profiles 
of C concentration in Co phase ([C]), liquid Co volume fraction (Vl), solid Co volume 
fraction (Vs) and total amount of Co (Vl+Vs) before carburization, showing uniform 
distribution of C, Co, liquid Co and solid Co. (b) profiles of [C], Vl and VS after 
carburization, showing the uniform liquid Co distribution between the carburized surface 
region and the interior region thus no formation of Co gradient.
that the effect of carbon on the redistribution of the Co phase is limited. The previous 
work [4] has established that the differences in cobalt content induced solely by the 
difference in carbon content ranging from the stoichiometric carbon content to a super-
stoichiometric carbon content (at the left boundary of the WC(s)-Co(l)-Graphite(s) field 
(Figure 3.1)) was less than 1.0 wt% Co. Therefore, any cobalt gradient that might form 
due to the difference in carbon content at this temperature is relatively minor. Further, 
when a specimen is held at 1400°C for a period of time that is sufficiently long for carbon 
diffusion and homogenization, there would be no gradient in the volume fraction of the 
liquid phase.
















No formation of Co gradient
Surface Surface 
Over saturated [C]
=> Formation of free C phase 
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Finally, compared with the Dual Phase (DP) carbide process that was introduced in 







  -phase present at any time 
during sintering and/or heat treatment. The heat treating temperature is uniquely selected 
to be within the three phase zone. In the D*

(-phase is required before 
heat treatment, and often continues to exist in the core region after carburization heat 
treatment. The heat treating temperature is, and must be, sufficiently high in the liquid 
phase sintering range to allow 

-phase with carbon. The reaction releases 
a significant amount of liquid Co, which will redistribute, resulting in a gradient within 
the material. 
3.3 Decarburization Heat Treatment Process
The decarburizing atmosphere heat treatment process is designed for creating an 
enriched Co gradient in the surface region of WC-Co composites. A systematic 
experimental study was conducted to examine the effects of the cooling rate, atmosphere 
and carbon content of WC-Co on the formation of Co gradient.
3.3.1 Experimental
Straight WC-Co materials with two different carbon contents were used in this study. 
Symbols 10Co(C+) and 10Co are used to designate specimens with super-stoichiometric 
carbon (5.66 wt%) content and stoichiometric carbon content (5.51 wt%), respectively. 
Commercially available WC-Co mixed powders with 10 wt% Co were used as the 
starting raw material for 10Co, while graphite powder was added to the WC-Co mixed 
powders to increase the total carbon content to above the stoichiometric value for 
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10Co(C+). Powder mixtures were ball milled in heptane for 4 hours in an attritor mill. 
After milling, the powders were dried in a Rotovap at 80oC and then pressed under 200 
MPa into green compacts with dimension of 20.60.7 cm3. The samples were liquid-
phase sintered in vacuum at 1400oC for 1 hour. Those specimens were then heat treated in 
atmospheres designed to generate Co gradient under various atmospheres at 1300°C. 
The fully sintered specimens were heat treated in a tube furnace. The atmosphere in 
the reaction tube was either decarburizing or neutral, controlled by adjusting the ratios of 
methane (CH4) to hydrogen (H2) in the gas mixture using digital mass flow meters. The 
treatment was conducted at 1300oC, except for Run 6 at 1315oC. The temperature of 
1300oC was selected such that the treatment would take place in the phase region in 
which WC, liquid Co and solid Co coexist, as illustrated in the vertical section of the 
ternary phase diagram of W-Co-C system with 10wt%Co (Figure 3.1). 
In the initial tests, the specimens were directly heated to 1300oC and held at that 
temperature for 1 hour and then cooled either rapidly or slowly in the decarburizing 
atmosphere. No gradient structure was observed in these specimens. It can be understood 
based on the surface decarburization of the specimens during heating up, which increases 
the liquid forming temperature of the surface region to above the selected holding 
temperature, resulting in no or very low fractions of liquid Co in the surface region, thus 
blocking any liquid Co migration. 
A different heat treatment procedure was then designed. Specimens were heated to 
1400oC at 20oC/min and held at this temperature for 2 minutes, in order to ensure that 
there is liquid phase on and near the surface. The specimens were then cooled down to 
selected holding temperatures (1315oC for Run 6, 1300oC for other runs) at 10oC/min and 
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held at that temperature for 60 minutes. Thereafter, the samples were cooled down to 
room temperature with selected cooling rates, 5°C/min above 1200°C for slow cooling or 
50°C/min above 1200°C for rapid cooling. Below 1200°C, the cooling rates were not 
controlled. However, the actual cooling rates at the temperature below 1200oC were18-
25 °C/min until 800°C, 6-9°C/min until 500°C, then 3-4°C/min until room temperature. 
After heat treatment, the cross-sections of the treated specimens were polished and 
examined using optical microscopy and scanning electronic microscopy techniques.
After heat treatment, the Vickers hardness values as measured in the center of the 
specimens using a 30 Kg load were 1334 and 1343 Kg/mm2 for 10Co(C+) and 10Co(o)






 Table 3.1 summarizes the heat 
treatment conditions conducted in this study. The presence or absence of Co-capping in 
different specimens is also listed. 





Atmosphere Cooling Co-capping & 
its morphology
1 10Co(C+) 1300oC decarburizing slow yes
continuous
2 10Co(C+) 1300oC decarburizing rapid yes
continuous
3 10Co(C+) 1300oC neutral slow no
4 10Co(C+) 1300oC neutral rapid no
5 10Co 1300oC decarburizing slow yes
non-continuous
6 10Co 1315oC decarburizing slow yes
continuous
Note:  a) Atmosphere: PCH4/PH22= 1/2000 atm-1 for decarburizing one; PCH4/PH22= 1/1000 
atm-1 for neutral one.
b) Cooling: 5°C/min for slow one; 50°C/min above for rapid one.  
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3.3.2 Results and Discussion
3.3.2.1 Effect of Cooling Rate
First, the effects of cooling rate were examined by comparing test Runs 1 and 2 as 
shown in Table 3.1. The carbon content, atmosphere, and temperature were kept to be the 
same for the tests Run 1 and Run 2. However, the cooling rate used in Run 1 was lower 
(5°C/min above 1200°C) than that in Run 2 (about 50°C/min above 1200°C). It was 
observed that a thin layer of Co, referred to “Co-capping”, formed in both cases. 
Figures 3.6 and 3.7 are the microscopic images of the specimen in Run 1 before and 
after the heat treatment, clearly demonstrating the presence of Co-capping. In these 
micrographs, WC appears in gray surrounded by Co matrix in slightly darker contrast. 
Free-carbon phase was also visible as small black spots.
Figure 3.618Cross-sectional SEM micrographs of the super-stoichiometric specimen (from 
Run 1) (a) before treatment and (b) after decarburizing heat treatment followed by slow 
cooling. 







Figure 3.719Cross-sectional optical micrographs of the super-stoichiometric specimen 
(from Run 1) (a) before treatment and (b) after decarburizing heat treatment followed by 
slow cooling. 
Before the heat treatment, the microstructure of the specimen of Run 1 was uniform. 
There was free-carbon distributed throughout the microstructure because the total carbon 
content of the specimen was substantially above the stoichiometric value (as shown in 
Figures 3.6a and 3.7a). After the heat treatment, a thin continuous layer of Co phase, 
namely Co-capping layer, formed on the outermost surface (Figure 3.6b). Note that the 
carbon phase in the inner part was unaffected, while the carbon phase disappeared in the 
peripheral surface region (Figure 3.7b), indicating a decarburization of the surface region 
during the heat treatment in the decarburizing atmosphere. The microstructure of the 
specimen of Run 2 (Figure 3.8) is similar to that of Run 1 with Co-capping, indicating 
that the cooling rate changing from 5°C/min to 50°C/min had little influence on the 
formation of Co-capping. 
Surface 
Free carbon throughout 
the sample
Free carbon disappeared near 





50 m 50 m
(a) (b)
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Figure 3.820Cross-sectional SEM micrographs of the super-stoichiometric specimen (from 
Run 2) (a) before treatment and (b) after decarburizing heat treatment followed by rapid 
cooling. 
3.3.2.2 Effect of Atmosphere   
The effects of atmosphere on Co-capping were studied by comparing the results of 
heat treatments in decarburizing (Runs 1 and 2) and neutral atmosphere (Runs 3 and 4). 
The carbon activity in the neutral atmosphere with the PCH4/PH22 ratio of 1/1000 atm-1 was 
approximately equal to that in the specimen at the holding temperature, such that neither 
carburizing nor decarburizing would occur during heat treatment in the neutral 
atmosphere. 
After the treatment in the neutral atmosphere, followed by either slow cooling (Run 3) 
or rapid cooling (Run 4), Co-capping was not observed, as shown in Figure 3.9 for Run 3
and Figure 3.10 for Run 4. The examination of the microstructures of Runs 3 and 4 
showed that the free-carbon phase throughout the material was unaffected, indicating that 
neither carburizing nor decarburizing occurred during the heat treatment in the selected






Figure 3.921Cross-sectional SEM micrographs of the super-stoichiometric specimen (from 
Run 3) (a) before treatment and (b) after heat treatment in neutral atmosphere followed 
by slow cooling. 
Figure 3.1022Cross-sectional SEM micrographs of the super-stoichiometric specimen 
(from Run 4) (a) before treatment and (b) after heat treatment in neutral atmosphere 
followed by rapid cooling. 













neutral atmosphere. By considering this result with that of Runs 1 and 2, which was 
performed under decarburizing atmosphere, it can be inferred that without surface 
decarburization, Co-capping would not form. In other words, the decarburizing 
atmosphere and the resultant surface decarburization are critical for the formation of Co-
capping.  
3.3.2.3 Effect of Carbon Content in Specimen 
In the test Run 5, the specimen with stoichiometric carbon (designated as 10Co) was 
treated under the same conditions as for the super-stoichiometric specimen (10Co(C+)) in
Run 1. The microstructure of the 10Co specimen before and after treatment is shown in
Figure 3.11. Before the treatment, the structure was uniform and there was no free-carbon. 
After the treatment, Co-capping was observed in various sections on the surface. 
However, the Co-capping did not form a continuous layer as observed in the 10Co(C+)
specimen. Except for this non-continuous Co-capping layer, the microstructure showed 
little change from its initial state. In the test Run 6, the heat treatment temperature was 
increased to 1315oC, while the other experimental conditions were maintained as in Run 
5. It was found that a continuous Co-capping layer formed after the heat treatment 
(Figure 3.12).
3.3.3 Mechanism of Cobalt Gradient Formation
Based on the above experimental results, a mechanism for the formation of Co-
capping is proposed based on the migration of liquid cobalt phase. The driving force for
the redistribution of liquid Co during sintering or heat treatment at high temperatures is 
the reduction of interfacial energy. It was mentioned in Section 2.4, liquid Co migration
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Figure 3.1123Cross-sectional SEM micrographs of the super-stoichiometric specimen 
(from Run 5) (a) before treatment and (b) after decarburizing heat treatment at 1300°C
followed by slow cooling. 
Figure 3.1224Cross-sectional SEM micrographs of the specimen with super-stoichiometric 
carbon content (from Run 6) (a) before treatment and (b) after decarburizing heat 
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or liquid Co redistribution is an interfacial-energy-driven flow dependent on three main 
factors – volume fraction of liquid Co, grain size of WC, and carbon content in liquid Co 
for straight WC-Co systems. During liquid phase sintering, liquid cobalt tends to migrate 
from a region with more liquid Co, coarser grain size, and higher carbon content towards 
a region with less liquid Co, finer WC grain size, and lower carbon content in liquid 
cobalt.
In the case of Co enrichment and Co-capping during the heat treatment in 
decarburizing atmosphere, it is reasonable to consider that the observed outward liquid 
Co migration is driven by the decrease of liquid Co in the surface region induced by the 
surface-decarburization, of which the mechanism can be explained with the help of the 
schematics in Figure 3.13. Initially, assuming that a WC-Co specimen is held at a 
temperature T (for example, 1300°C) between the liquidus and solidus temperatures, the 
volume fractions of liquid Co and solid Co (Vl and Vs) are uniform in the whole specimen. 
In other words, the distribution of liquid Co is balanced between the surface region and 
the interior region, as shown in Figure 3.13a. With the progress of the surface 
decarburization, the carbon content of liquid Co in the surface region decreases and the 
solidification temperature of liquid Co in this region is increased accordingly to above the 
present temperature T, as shown in Figure 3.13b. Thus, the liquid phase in the surface 
region is undercooled due to the surface decarburization, which will consequently solidify. 
The solidification of the undercooled liquid Co in the surface region decreases the 
volume fraction of the liquid Co and increases the volume fraction of solid Co, resulting 
in less liquid Co in the surface region than that in the interior region, as shown in Figure 
3.13c. The imbalance of liquid Co distribution between the surface region and the interior
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Figure 3.1325Schematic plots showing the formation of Co enriched zone and Co-capping 
due to the migration of liquid Co during heat treatment in decarburizing atmosphere. (a) 
profiles of liquid Co volume fraction, Vl, and solid Co volume fraction, VS, before 
decarburization. (b) profiles of solidification temperature, Tm, and carbon content, [C]l,
after decarburization. (c) profile of liquid Co volume fraction, showing the broken 
balance of liquid Co distribution. (d) profiles of volume fractions of liquid Co and solid 
Co, showing the formation of Co enriched zone and/or Co-capping due to outward 
migration of liquid Co.
region drives the liquid Co to migrate from the interior towards the surface until the
balance of liquid Co between the two regions is re-established. Further, the Co migrated 
from the interior region will be also decarburized in the near surface region and solidifies, 
the balance of liquid Co will be broken again and more liquid Co will migrate from 
interior towards the surface. Thus, with the progress of the surface decarburization, a Co 





















The observed effects of various factors on the formation of Co-capping in this study 
can be reasonably explained using the above proposed mechanism. As described in 
Section 3.3.2.1, it was found that the cooling rate did not affect the morphology of Co-
capping. This is understandable because the Co-capping in this study was formed while 
being held at a fixed temperature. As described in Section 3.3.2.2, no Co-capping was 
formed in neutral atmosphere. This is also understandable because Co would not migrate 
towards the surface when there was no surface decarburization.
Further, in contrast to that, a continuous Co-capping was formed on the specimen 
with super-stoichiometric carbon content, a noncontinuous Co-capping was formed on 
the stoichiometric specimen at the same holding temperature, while a continuous Co-
capping was formed on the stoichiometric specimen at a higher holding temperature. This 
phenomenon can be explained by the different amounts of liquid Co in the specimens of 
the two compositions. As shown in the phase diagram of WC-Co (Figure 3.1), at the same 
holding temperature of 1300°C, the amount of liquid Co is higher in the specimen with 
super-stoichiometric carbon composition than that in the stoichiometric specimen. In fact, 
at 1300°C, all Co in the super-stoichiometric specimen is in liquid state, while around 
50% of Co in the stoichiometric specimen is in solid state, based on the phase diagram. 
Less liquid Co in the stoichiometric specimen is considered to slow the kinetic rates of 
surface decarburization and liquid migration, thus resulting in less and non-continuous 
Co-capping microstructure. At the temperature of 1315°C, however, all Co in the 
stoichiometric specimen is in liquid state. Thus, the kinetic rates of surface 
decarburization and liquid migration are sufficiently fast for the formation of a 
continuous Co-capping layer. 
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Based on the proposed mechanism, there are two critical factors for the Co 
enrichment and/or Co-capping to form in straight WC-Co materials. One is that the 
atmosphere needs to be decarburizing; and the other is that the temperature needs to be in 
the 3-phase region, i.e., 1275-1325°C according to the phase diagram of WC-Co system.  
Since the conventional liquid phase sintering of WC-Co is usually conducted in vacuum, 
the carbon activity of the residual gas in the furnace chamber is expected to be very 
sensitive to many difficult-to-control parameters such as moisture level, raw materials, 
crucibles, and adsorbed air in the chamber. The carbon activity of the residual gas is also 
expected to vary from one location to another in the furnace chamber on different 
surfaces of a single product. Thus, it is understandable that the formation of Co-capping 
may vary from part to part and from one furnace run to another. Therefore, it is extremely 
difficult to predict whether Co-capping will form on a specific WC-Co product in a 
specific sintering run under conventional vacuum sintering conditions. In order to prevent 
Co-capping from forming, nondecarburizing atmosphere should be employed at least 
during the cooling from sintering temperatures. The pressure in the furnace chamber 
should not be too low as during the conventional vacuum liquid-phase-sintering process 
to control the carbon activity. Caution must also be taken, however, to prevent excess 
carburization of the sintered products.  
3.4 Conclusions
An atmosphere heat treatment process for manufacturing FG WC-Co with Co 
concentration gradient in the surface region was developed. Gradients with either reduced 
Co content or enriched Co content were formed on the surface of WC-Co specimens as a 
result of carburizing or decarburizing heat treatment, respectively. The treating 
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temperature for both the carburization and decarburization processes should be within the 
range in which solid WC, solid Co, and liquid Co coexist. The process was designed 
based on the principles of liquid phase migration and the dependence of the liquid 
volume fraction on carbon gradient in the three phase zone. The formation of the Co 
gradient or Co redistribution was attributed to the imbalance of liquid phase distribution 
and the subsequent re-establishment of the balance of liquid distribution through the 
migration of liquid Co from the liquid-rich region towards the liquid-poor region. 
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CHAPTER 4
EXPERIMENTAL STUDY
In this chapter, systematic experiments were carried out to gain a comprehensive 
understanding of the carburization heat treatment process. It is organized as follows: the 
first section is focused on investigating the effects of key process parameters (heat 
treating atmosphere and heat treating time) on the kinetics of Co gradient formation 
during the carburization process. The second section is focused on studying the effects of 
key material variables (Co content and WC grain size) on the kinetics of gradient 
formation during the process. The third section extends the application of the 
carburization process to the ultrafine grain WC-Co materials containing grain growth 
inhibitors.
4.1 Effects of Key Process Factors
In Chapter 3, the thermodynamic feasibility of the carburization heat treatment 
process in making functionally graded WC-Co has been demonstrated. The carburization 
process depends on the choice of process parameters, such as the carbon potential of the 
treating atmosphere and the length of treating time. These factors determine the graded 
structure that can be formed in the final WC-Co products. The effects of these factors will 
be presented and discussed in this section.
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4.1.1 Experimental 
WC-Co powder with 10% Co by weight was used as raw materials for this study. 
WC-10Co specimens with slightly substoichiometric carbon content (5.36 wt%) were
prepared. Tungsten powder was added to the WC-Co mixed powder to reduce the total 
carbon content. The mixture of the powders was ball milled in heptane for four hours in 
an attritor mill. The milled powder was dried in a Rotovap at 80oC and then cold pressed 
at 200 MPa into green compacts of 2x0.6x0.7 cm3 in dimensions. The green compacts 
were sintered in vacuum at 1400oC for one hour. The cross sections of the as-sintered 
specimens were polished and etched with Murakami’s reagent for 10 seconds to 




















sintering. Each sintered specimen was cut into two halves before heat treatment. To avoid 
the influence of the atmosphere during sintering on surface compositions of specimens, 
only the cross sections were used for analyzing the gradients after heat treatments.
The carburizing heat treatments of sintered samples were conducted in atmospheres 
consisting of mixtures of methane (CH4), hydrogen (H2) at 1300oC. To study the effect of 
carburizing atmosphere, mixed gases with varied ratios (PCH4/P2H2) ranging from 1/150 
atm-1 to 1/35 atm-1 were controlled by using digital mass flow controllers. The effect of 
time was investigated by holding at 1300oC for 15 minutes to 360 minutes.
Cobalt concentration profiles perpendicular to the surface were measured using the 




























carbon content was excluded from quantitative analysis since EDS is not a suitable 
technique for measuring carbon content accurately. The standard deviation of the data is 
approximately ' 0.36% of the average value of 10%, which is obtained by performing 40 
repeated measurements on a standard WC-10 wt% Co specimen with uniform 
microstructure. These measurements were made at different locations on the cross-
section of the standard specimen. 
4.1.2 Results and Discussions
4.1.2.1 Effect of PCH4 /PH2 2 Pressure Ratio of the Atmosphere 
The effect of atmosphere was studied by varying the ratio of partial pressures of 
methane to hydrogen (PCH4/P2H2). Specific ratios were 1/150, 1/75, 1/50, 1/35 atm-1. The 
WC-10Co samples were heat treated in those atmospheres for 60 minutes at 1300oC. The 
examination of the microstructures of the treated composites showed that all samples are 
free of uncombined carbon phase except the specimen treated under PCH4/P2H2 ratio of 
1/35 atm-1 indicating that this atmosphere condition is excessive. 
Figure 4.1 displays the measured Co concentration profiles of the heat treated 
samples under different atmosphere conditions. When the specimen was heat treated 
using a relatively low PCH4 /PH2 2 ratio of 1/150 atm-1, the Co content is lowest near the 
surface and it increases with depth from the surface to the core of the specimen until the 
cobalt content approaches the nominal value of 10 wt%. When the specimens were heat 
treated at relatively high PCH4 /PH2 2 ratios of 1/75, 1/50 and 1/35 atm-1, the Co content
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Figure 4.126Cobalt concentration profiles of the sintered WC-10Co samples after heat 
treatments in varying atmospheres at 1300oC for 60 minutes. The series of numbers 
represent the PCH4 /PH2 2 ratio of atmosphere.
profiles increased gradually from the lowest Co content near the surface to a maximum 
value that is higher than the nominal Co value – a build-up (as indicated in Figure 4.1); it
then decreased and leveled off at the nominal Co content. 
It is believed that the build-up of Co is a result of the relative kinetic rates of carbon 
diffusion and liquid migration. Previous studies by the present authors have shown that 
liquid migration is a rapid process [1]. The rate of carbon diffusion, however, is relatively 
slow compared to that of liquid migration giving rise to the build-up of liquid Co at the 
diffusion front. This can be understood by posturing if the diffusion of carbon is rapid, 
the carbon difference in the material will be quickly homogenized and the redistribution 


























circumstantial evidence that suggests that the kinetics of the formation of Co gradient is
controlled by the slow carbon diffusion process. Recognizing that the carbon diffusion is 
the rate controlling step is important for modeling the kinetics of the process.
To quantitatively evaluate the effects of the PCH4 /PH2 2 ratio of the atmosphere on the 
formation of gradient, two measurable parameters - amplitude of cobalt gradient (AG) and 
thickness of the gradient zone (XG) - are extracted from each of the Co concentration 
profiles in Figure 4.1. The amplitude of Co gradient is defined as the difference between 
the nominal Co content and the lowest Co content as a fraction of the nominal content of 
the bulk. The thickness of the Co gradient is defined as a measure to determine the 
distance from the surface to which the cobalt content is affected by the process. In cases
when there is no observable Co build-up, the thickness of the gradients is the distance 
from the original surface to the position where the Co content reaches its nominal Co 
concentration as in the bulk of the specimen. While in the cases when there is an
observable Co build-up, the thickness is the distance from the surface including both the 
low Co layer and the Co build-up.
Figure 4.2 plots the results and shows that both the thickness and amplitude of the 
gradients increase with PCH4 /PH2 2 ratio. The above results can be qualitatively understood 
based on the decomposition of methane and its effect on the carbon concentration on 
surface. Methane decomposes according to the following reaction:
][2 24 CHCH )
where [C] expresses the carbon atoms dissolved in the Co phase on the surfaces of 
samples. 
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Figure 4.227The dependences of (a) thickness of gradient zone, XG and (b) amplitude of 
Co gradient, AG as a function of PCH4/PH22 ratio of the atmosphere.









where PCH4 is the partial pressure of gas methane (CH4) and PH2 is the partial pressure of 
gas hydrogen (H2). KP is the equilibrium constant of the reaction at a given temperature. 
According to equation (4.1), the carbon potential of the atmosphere, CP is proportional to 
the ratio (PCH4 /PH22) of the atmosphere provided that the treating temperature is 
maintained constant. Thus, under the condition of this study, higher PCH4 /PH2 2 ratio 
(representing higher carbon potential) will generate higher surface carbon composition, 
hence a greater difference of carbon concentration between the surface and the core of the 
specimen, i.e., a larger driving force for carbon diffusing. Consequently, Co will migrate 
further into the specimen resulting in greater thickness and amplitude of cobalt gradient. 
































quantitatively predict the thickness and the amplitude, modeling of the effects of PCH4
/PH2 2 ratio of the atmosphere will be needed.
4.1.2.2 Effects of the Length of Time of Heat Treating
Figure 4.3 shows the effect of heat treatment time on the Co gradient. The WC-10Co 
samples were heat treated in an atmosphere with constant PCH4/PH22 of 1/150 atm-1 at 
1300oC. The holding time at the temperature varied from 15 to 360 minutes. Again, 
specimens were examined to ensure there is no free carbon phase in the material. Co 
gradients were observed in each of the treated samples with similar profiles as described 
in the Section 4.1.2.1. One observable difference among the gradients developed under 
varying lengths of time is that when the specimens were heat treated for shorter time,
Figure 4.328Cobalt concentration profiles of the WC-10Co samples which were heat 
treated at 1300oC in the atmospheres of fixed PCH4/PH22 ratio of 1/150 atm-1 for various 



























namely, 15-60 minutes, there was no significant Co build-up. However, when the 
specimens were heat treated for longer time up to 120-360 minutes, the Co build-up was 
evident. This phenomenon is again attributed to the relative rates of carbon diffusion 
versus liquid migration as mentioned earlier. 
The effects of time were investigated by measuring the thickness and the amplitude of 
the gradients after the heat treatments and the results are shown in Figure 4.4. Logically 
the thickness and the amplitude of the gradients increase with increasing time. The effect 
of time is attributed to its effect on carbon diffusion. Figure 4.4, however, also shows that 
there was little change in neither thickness nor amplitude of the Co gradients as the heat 
treating time was increased from 240 to 360 minutes. This can be understood based on 
the fact that the diffusion of carbon must go through Co phase. After 240 minutes, the 
total Co content at the surface is decreased to as low as 3 wt% (Figure 4.4), thus the 
effective cross-section area of the Co phase which is the only path for carbon diffusion 
was dramatically reduced. Therefore the kinetics of the overall process will also change 
dramatically. 
Figure 4.429The dependences of (a) thickness of gradient zone, XG and (b) amplitude of 































Figure 4.5 correlates the square of the measured thickness of gradient (XG2) with time 
(t). It shows that XG2 increases linearly with t. In other words, the increase of the 
thickness of Co gradient obeys the parabolic law of diffusion with time; whereas when 
the time is extended to 360 minutes, the linear relationship is no longer followed. First, 
the parabolic relation between the gradient thickness and time suggests once again that 
the process is carbon diffusion controlled. Second, the deviation from the linear relation 
at longer time suggests that, while the kinetics of gradient formation may be still 
controlled by the carbon diffusion process, at longer times the diffusivity of carbon as 
well as the availability of diffusion path have changed substantially resulting in the 
slowdown of the overall kinetic rate of the process.    



































Simulation results  
Treated under the atmosphere with PCH4
/PH2 2 ratio of 1/150 atm-1 at 1300oC
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4.1.3 Conclusions
Continuous Co gradients with different thicknesses and amplitudes were developed 
under variable atmosphere conditions and lengths of heat treatment time. The 
experimental findings described in this section clearly showed that the key process 
parameters including composition of the atmosphere and time have significant effects on
the formation of Co gradients. It was shown experimentally that higher carbon potential 
of atmosphere and longer time of carburizing treatment lead to thicker Co gradients with 
greater amplitude. The thickness of the gradient followed a parabolic law with time, 
indicating that the overall kinetics of the process is determined by the diffusion of carbon.
4.2 Effects of Key Material Factors
The material variables, such as Co content and the grain size of WC phase, are also 
important factors that affecting the gradient formation during the carburizing heat 
treatment process. For the proposed process to be applicable to a wide range of WC-Co 
materials, it is equally important to study the effects of the key material factors on the 




A set of WC-Co powders with different grain sizes and cobalt contents, labeled as 
WC(f)-10Co, WC(m)-10Co, WC(c)-10Co, WC(c)-6Co as well as WC(c)-16Co, were prepared 
in this study. The subscripts (c, m and f) represent the powders with coarse, medium and 
fine grain size respectively; the number preceding the Co denotes the weight percentage 
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of Co binder phase. Commercially available WC and Co powders were used as raw 
materials. Three types of WC powders with different grain sizes were used. The carbon
content of all the WC-Co powders is slightly substoichiometric. Tungsten powder was 







   -phase would form in the sintered 
material. Powder mixtures were ball milled in heptane for 4 hours in an attritor mill. 
After milling, the powders were dried in a Rotovap at 80oC and then pressed under 200 
MPa presses into green compacts with dimensions of 2  0.6  0.7 cm3. The green 
compacts were sintered in vacuum at 1400oC for 1 hour. 
Table 4.1 summarizes the WC grain size, Co content, and specific magnetic 
saturation (SMS) of all the sintered samples. The WC grain size was measured based on 
the scanning electronic micrographs of the cross-sections of the as-sintered sample by 
means of the linear incept method. The carbon composition of the as-sintered alloys was 
determined by the measurements of SMS using the saturation induction measuring 
system. SMS were commonly measured for measuring the carbon composition of the 
sintered material during the manufacturing of cemented carbides since SMS








WC(f)-10Co 0.72 10 84.06 Sub-stoichiometic
WC(m)-10Co 1.02 10 84.02 Sub-stoichiometic
WC(c)-10Co 1.55 10 84.77 Sub-stoichiometic
WC(c)-6Co 1.62 6 84.90 Sub-stoichiometic
WC(c)-16Co 1.60 16 84.09 Sub-stoichiometic
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increases with the increasing carbon content in the Co phase [2]. The carbon content in 
Co phase instead of the gross carbon content was used to characterize the carbon 
compositions of the samples. This is done for the reason that the kinetics of carbon 
diffusion and liquid migration is dependent on the carbon content in Co phase rather than 
total carbon content that involves carbon in both Co and WC phase. From Table 4.1, it 
shows that: (1) the samples WC(f)-10Co, WC(m)-10Co, WC(c)-10Co have different grain 
sizes but the same Co content and similar carbon composition; (2) the samples WC(c)-
6Co, WC(c)-10Co, WC(c)-16Co differ in Co contents but are similar in grain size and 
carbon composition.
4.2.1.2 Postsintering Carburizing Heat Treatment
The postsintering heat treatments were carried out in a tube furnace with flowing 
mixture gas of methane and hydrogen. The fully dense WC-Co samples (Table 4.1) were 
heated to the temperature of 1300oC at a rate of 20oC/min and held at 1300oC for a fixed 
time (60 minutes), then cooled down to room temperature by turning off the power 
(cooling rate of 50oC/min above 1200oC). The treating atmospheres were controlled by 
varying the carbon potentials (expressed by PCH4/PH22) ranged from 1/150 atm-1 to 1/35 
atm-1 using the digital mass flow meters. The various atmosphere conditions and 
materials to be heat treated are listed in Tables 4.2 and 4.3.
4.2.1.3 Characterization
After heat treatment, the cross-sections of specimens were polished to measure the Co 
concentration profiles perpendicular to the surface using the Energy Dispersive 
Spectroscopy (EDS) technique. Each data point of the cobalt composition is an averaged
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al surface. The carbon content was excluded in the 
quantitative analysis considering that EDS is not suitable for measuring carbon 
quantitatively. The standard deviation of the data is approximately ' 0.36%, which is 
obtained by performing 40 repeated measurements on a standard WC-10wt%Co 








section of the standard specimen. 
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4.2.2 Results and Discussions
In this section, experimental results are presented to show the effects of Co content 
and WC grain size on the kinetics of the process of forming the Co graded structure. 
Noting that the experimental design of this study is based on the one-factor-at-a-time 
method and there is only a single factor varying while the others are kept constant. For 
example, for study the grain size effects, the samples used in comparison only have 
difference in grain size and they were treated in the same furnace run in order to assure 
identical treatment condition.
4.2.2.1 Effects of Grain Size and Atmosphere 







carbon and Co compositions (Table 4.1). To examine whether the influences of grain size 
are consistent under different heat treatment conditions, atmospheres with varying ratios 
of partial pressures of methane to hydrogen (PCH4/PH22) were used to treat those
specimens at 1300oC for 60 minutes (listed in Table 4.2). 
Figure 4.6 shows the measured Co concentration profiles of all the treated specimens 
under different atmospheric conditions. As seen from the Co concentration profiles 
(Figure 4.6), continuous Co gradients were developed in each of the specimens exhibiting 
a similar trend: the Co content increased gradually from the lowest Co content near the 
surface to a maximum value that was higher than the nominal Co content in the bulk – a
build-up; it then decreased and leveled at the nominal value. Moreover, it was found that 
this Co build-up was less significant in the samples treated under the atmosphere of 
relatively low PCH4/PH22 ratio compared to those treated at relatively high PCH4/PH22
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Figure 4.631Cobalt concentration profiles of the WC(f)-10Co, WC(m)-10Co, WC(c)-10Co 
samples with varying grain sizes. The specimens were heat treated at 1300oC for 60 
minutes in the atmospheres with PCH4/PH22 ratios of (a) 1/35; (b) 1/50; (c) 1/75 and (d) 
1/150 atm-1.
ratio. Earlier studies [3] as described in Section 4.1 have contributed the build-up of 
cobalt to the relative rates of carbon diffusion versus liquid migration: relatively slow 
diffusion and rapid migration result in the pile up of the liquid phase. 
To quantitatively evaluate the effects of grain size on the formation of gradient, two 
measurable parameters - the amplitude of Co gradient (AG) and the thickness of the 
gradient zone (XG) - are extracted from each of the Co concentration profiles in Figure 
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content and the lowest Co content as a fraction of the nominal content of the bulk. The 
thickness of the Co gradient is defined as a measure to determine the distance from 
surface to which the cobalt content is affected by the process. In case when there is no 
observable Co build-up, the thickness of the gradient is the distance from the original 
surface to the position where the Co content reaches its nominal Co content as in the bulk 
of the specimen. While in the case when there is an observable Co build-up, the thickness 
of the gradient is the distance from the surface including both the low Co layer and the 
Co build-up.
Figure 4.7 plots the measured results and showed that, for a given atmosphere, the 
sample with finer grain size develops a gradient of deeper depth and larger amplitude 
than the sample with coarser grain size. The same tendency was observed in all the 
atmosphere conditions applied in this study. Moreover, it was observed that for the same 
material, both the thickness and amplitude of the gradient increase with the PCH4/PH22
ratio of the atmosphere, which agrees with our previous results. 
Figure 4.732The dependences of (a) thickness of gradient zone, XG and (b) amplitude of 
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4.2.2.2 Effects of Co Content and Atmosphere 
Figure 4.8 shows the effects of Co content on the gradient formation. The WC(c)-6Co, 
WC(c)-10Co and WC(c)-16Co samples containing different initial nominal Co contents (6, 
10 and 16% in weight percent) but similar in grain size and carbon composition (Table 
4.1) were used. Again, to examine the consistency of the effects of Co content under 
different atmosphere conditions, it applied different atmospheres with PCH4/PH22 ratios of 
1/40, 1/75, and 1/150 atm-1 for treating these samples at 1300oC for 60 minutes (Table 
4.3). 
Figure 4.833Cobalt concentration profiles of the WC(c)-6Co, WC(c)-10Co, WC(c)-16Co 
samples of varying Co contents. The specimens were heat treated at 1300oC for 60 
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Co gradients were observed in each of the treated samples with similar profiles as 
described in Section 4.2.2.1. Similarly, when the specimens were treated using the 
relatively low PCH4/PH22 ratio, there was no evident Co build-up. However, when the 
specimens were heat treated under the atmosphere of relatively high PCH4/PH22 ratio, Co 
build-up was significant. The phenomenon of the Co built-up can be explained by the 
same reason that has already been mentioned (Section 4.2.2.1). Quantitatively, the effect 
of Co content was investigated by measuring the thickness and the amplitude of the 
gradient formed during the carburization and the results were graphed in Figure 4.9. It 
reveals that when the materials were treated under the same condition, the material with 
lower Co content tends to form a gradient of larger amplitude and wider thickness 
compared to that with higher Co content. It shows the same behavior when the samples 
were treated by the other atmospheres. Furthermore, it was observed that, for a particular 
sample, the thickness and amplitude of the gradients increase with the increasing 
PCH4/PH22 ratio of the atmosphere, which matches the findings reported in Section 4.2.2.1. 
Figure 4.934The dependences of (a) thickness of gradient zone, XG and (b) amplitude of 
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The experimental results obtained in this study and previously reported findings 
demonstrated that the process parameters (atmosphere) and material variables (WC grain 
size and Co content) have significant influences on the formation of the Co gradients. It 
has been illustrated in Section 4.1 [3] that the gas atmosphere affects the surface carbon 
composition. A higher PCH4/PH22 ratio of the atmosphere will lead to higher surface 
carbon composition, hence a greater difference of carbon concentration between the
surface and the core of the specimen, i.e., a larger driving force for carbon diffusing. Due 
to that, Co will migrate further into the specimen resulting in greater thickness and 
amplitude of Co gradient. Since the formation of the gradients has been shown to be 
controlled by the carbon diffusion process, it is reasonable to believe that the influences 
of grain size and Co content are related to their effects on the diffusion coefficient of 
carbon in the material, which will be further discussed.   
4.2.3 Conclusions
A wide range of WC-Co samples with varying Co contents or grain sizes were liquid 
phase sintered to full densification and subsequently carburizing heat treated. Continuous 
Co gradients with different thicknesses and amplitudes were developed in these materials. 
It was demonstrated experimentally that the key material parameters including Co 
content and grain size have significant influences on the formation of Co gradients. In 
general, for a given atmosphere condition and heat treating time, thicker Co gradients 
with greater amplitude tend to form in the WC-Co composite with lower Co content and 
finer grain size. 
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4.3 Effects of Grain Growth Inhibitor
As mentioned in the introduction of this dissertation (Section 2.1.4), it has become a
trend to add grain growth inhibitors, such as VC, Cr3C2 to prevent grain growth of WC 
grains for developing ultrafine grain WC-Co. Such additives, however, increase the 
hardness at the expense of the fracture toughness of the material [4-6]. Developments in 
functionally graded WC-Co provide a potential solution to this problem by combining the 
functionally graded structure and the ultrafine grain structure in WC-Co materials to 
obtain desirable combinations of mechanical properties.
To obtain the graded structure, a possible way is through the postsintering 
carburizing-heat-treatment process. Despite the postsintering carburization heat treatment 
process has been demonstrated effective in producing Co compositional gradient for the 
straight WC-Co without other additions [3, 7-11], it may not be directly applied to create 
such gradient in fine grain WC-Co containing grain growth inhibitors. The reason is that 
the addition of the grain growth inhibitors change the thermodynamics of the WC-Co 
system [12]. The primary purpose of this study is to extend the utility of carburization 
heat treatment process to the ultrafine WC-Co materials doped with grain growth 
inhibitors.
In this section, fully dense Cr3C2 doped WC-Co materials were prepared via the 
traditional liquid phase sintering process. The specimens were then heat treated via a 
separate process after sintering. Experiments and thermodynamic analysis were carried 
out to validate the feasibility of the carburizing heat treatment process in creating 
gradients in the W-C-Co-Cr system. The mechanism of Co gradient formation in this 
system was also discussed.    
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4.3.1 Experimental
Cr3C2-doped WC-Co specimens (labeled as 10Co-0.3Cr3C2) as well as straight WC-
Co specimens (refers to 10Co) were used in this study. Commercially available WC and 
Co powders with 10 wt% Co were the raw material for 10Co, while 0.3 wt% Cr3C2
powder was added to the WC-Co mixed powder to prepare 10Co-0.3Cr3C2. The powder 
mixtures were ball milled in heptane for four hours in an attritor mill. After milling, the 
powders were dried in a rotary vapor at 80oC and then cold-pressed at 200 MPa into 
green compacts of 20.60.7 cm3 in dimension. Subsequently, the green compacts were 
vacuum sintered to full densification at 1400oC for 1 hour.
After sintering, differential scanning calorimetry (DSC) analysis for 10Co and 10Co-
0.3Cr3C2 specimens was carried out in Q600 SDT (TA Instrument). The samples were 
placed in an alumina crucible with lid. The system was evacuated initially and purged 
with ultra high purity argon gas. The samples were heated to 1450oC at a heating rate of 
20oC/min.
The post-sintering carburizing heat treatments for the fully dense 10Co-0.3Cr3C2
specimens were carried out in a tube furnace with a fixed flowing gas mixture of 
hydrogen (H2) and methane (CH4). The heat treatments were conducted at three different 
temperatures: 1300, 1260 and 1200oC. After heat treatment, cross-sections of both the as-
sintered and as-treated 10Co-0.3Cr3C2 specimens were polished and characterized using 
optical microscope and scanning electron microscopy (SEM). 
To determine the compositional gradient, cobalt and chromium concentration profiles 
perpendicular to the surface was measured using the energy dispersive spectroscopy 


























the microstructures using linear intercept method. The measurement error is 
approximately 7%. 
4.3.2 Results 
4.3.2.1 DSC Analysis  
It is well known that the addition of grain growth inhibitor, such as Cr3C2, lowers the 
melting temperature of W-C-Co system [12]. As mentioned earlier in the introduction 
(Section 2.1.4), the carburizing heat treatment process is required to be between the 
eutectic and peritectic temperatures of the Co binder phase. However, the data on the 
melting temperature of the 10Co-0.3Cr3C2 sample used in this study are absent. In order 
to choose a suitable temperature for carburizing the 10Co-0.3Cr3C2 sample, we 
conducted a DSC analysis for measuring the melting temperatures.  
The DSC plots of 10Co and 10Co-0.3Cr3C2 specimens were presented in Figure 4.10. 
It showed that the 10Co-0.3Cr3C2 sample starts to melt at the temperature of 1233oC
(denoted as TS in Figure 4.10a) which is about 40oC lower than that of the 10Co sample 
(Figure 4.10b). According to phase diagram of Figure 3.1, the melting temperature range 
for the 10Co sample is between 1275 to 1325oC. Therefore, the melting range for 10Co-
0.3Cr3C2 accordingly shifts to the range of 1235 to 1285oC. The temperature of 1260oC
was then selected to treat the 10Co-0.3Cr3C2 sample. 
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The 10Co-0.3Cr3C2 samples were carburized at three different temperatures of 1200, 
1260 and 1300oC. The results of DSC analysis indicate that 1260oC is within the melting 
temperature range of Co binder phase. For comparison purpose, the temperatures 
(1300oC and 1200oC) falling outside of that range were also used to treat the samples. 
The ratio of the partial pressures of gases in the atmosphere as measured by PCH4/PH22
was constant at 1/150 atm-1 and the heat treatments were held at each treating temperature 
for 60 minutes.
Figures 4.11 and 4.12 showed the microstructures of the 10Co-0.3Cr3C2 samples 
before and after heat treatment, respectively. In the SEM images, WC appears as gray 
particles surrounded by dark Co matrix phase. Before heat treatment, the amount of Co
phase was equal between the near surface region and the core region indicating an initial 
uniform distribution of Co content (Figure 4.11). In contrast, after treatment at 1260oC, it
Figure 4.1136SEM images of (a) the surface region and (b) the core region of 10Co-




Figure 4.1237SEM images of (a) the surface region and (b) the core region of the 10Co-
0.3Cr3C2 sample after heat treatment in the atmosphere of PCH4/PH22 ratio of 1/100 atm-1
at 1260oC for 1 hour.
was seen less Co phase near surface than in the core of the material suggesting that a 
cobalt gradient was developed as a result of the heat treatment (Figure 4.12). 
When the 10Co-0.3Cr3C2 specimen was heat treated at the temperature of 1300oC that 
is much higher than the melting temperature range, it was observed a significant amount 
of free graphite phase in the surface region while no obvious gradient of Co was found. 
Furthermore, as the same sample treated at 1200oC lower than the melting temperature 
range, the microstructure showed little change from its initial condition and there was 
neither Co gradient nor free graphite phase that could be found.
4.3.2.3 Co Profiles 
Figure 4.13 shows the Co concentration profiles of the 10Co-0.3Cr3C2 specimens 




Figure 4.1338Cobalt concentration profiles of sintered 10Co-0.3Cr3C2 samples before and 
after heat treatments at temperatures of 1300, 1260 and 1200oC in the atmosphere with
PCH4/PH22 ratio of 1/100 atm-1 for 1 hour. 
the microstructure as described above. For the 10Co-0.3Cr3C2 sample treated at 1260oC, 
there is a continuous gradient developed in the surface region while the Co profile 
without treatment is flat. It was shown that the Co closest to the surface is as low as 
6wt% and then the content of Co increases gradually from the surface into the interior 
until the Co content reaches the nominal value (10.0 wt%) in the bulk. However, this 
trend of Co gradient was not found in the specimens treated at 1200 and 1300oC and their 
Co profiles showed little change from their initial state. The experimental results as 
presented so far proved that the carburizing treatment is viable in developing gradients 
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4.3.2.4 Measurements of Cr contents and grain sizes
During measuring the Co concentration profiles, it was also observed that the 
distribution of Cr dissolved in Co phase after the heat treatment was different from its 
initial state. The composition of Cr in Co phase before heat treatment was generally 
homogeneous at 3.0 wt% (Figure 4.14). The standard deviation of the data is 
approximately to be ' 0.65 wt% of the average value of 3.0 wt%. However, after the 
carburizing treatment, the composition of Cr is statically higher near surface than in the 
bulk. 
The results of the mean grain sizes at the surface and in the interior of the 10Co-
0.3Cr3C2 samples were summarized in Table 4.4. It revealed that without heat treatment 
the average grain sizes near surface and in the interior of the sample are almost equal at
Figure 4.1439Chromium concentration profiles of sintered 10Co-0.3Cr3C2 samples before 
and after heat treatment in the atmosphere of PCH4/PH22 ratio of 1/100 atm-1 at 1260oC for 
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Table 4.45Results of measured grain sizes of the 10Co-0.3Cr3C2 specimen before and 




Surface 0.37 ± 0.03
Interior 0.35 ± 0.03
After treatment
Surface 0.41 ± 0.03



















was attributed to the Ostwald ripening of WC phase as a result of the heat treatment. 
Further, it showed that there is almost no difference in the grain growth rate between the 
surface and the core of sample during the heat treatment. 
4.3.3 Discussions
4.3.3.1 Thermodynamic Analysis of W-C-Co-Cr System
The thermodynamic analysis of phase equilibria of W-C-Co-Cr system [12] leads us 
to expect that a similar Co graded structure can be created in the Cr3C2 added WC-Co
material using the existing carburization process for straight WC-Co material. Figure 
4.16 shows a phase diagram of W-C-Co-Cr with constant compositions of 1.44 % Cr and 
16 % Co in atomic weight. Compared to the phase diagram of W-C-Co system (Figure 
3.1), the phase relations of WC-Co undergo certain changes upon the adoption of Cr3C2.
Firstly, the melting point of Co binder phase shifts to lower temperature. Secondly, the 
straight lines (namely the peritectic and eutectic temperatures as denoted in Figure 3.1)
have been changed to two four-phase-regions, namely WC-Co(s)-Co(l)-1-Co(s)-
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Figure 4.1540Vertical section of the ternary phase diagram of W-C-Co-Cr system with 
1.44% Cr and 16% Co (atomic percent), adapted from [12].
Co(l)-graphite regions. Except for those changes, similar to the W-C-Co system, the W-
C-Co-Cr system has a WC(s)-Co(s)-Co(l)-coexisting equilibrium region at the 
temperature range of 1180 to 1300oC as indicated by the shaded area (Figure 4.16). It 
implied that the Cr3C2 doped WC-Co material has met the prerequisite for forming the 
graded structure. 
4.3.3.2 Mechanism of Gradient Formation 
The feasibility of the carburization approach in forming Co gradient in the system of 
W-C-Co-Cr was not only verified thermodynamically but also experimentally. It is to 
believe that the formation of Co gradient is related to the migration of liquid phase. 
Studies have documented [1] that the direction of the liquid migration depends on three 
main factors including the gradient in the volume fraction of liquid Co phase, WC grain 
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size gradient, and carbon content gradient. In general, liquid phase migrates from the 
regions with higher volume fraction of liquid Co phase to the regions with lower fraction 
of liquid Co phase, from the regions with coarser grain size to the regions with finer grain 
size, and from the regions with higher carbon content to the regions with lower carbon 
content. Next, we examined the contributions of each of the three key factors in inducing 
the liquid migration and forming the Co gradient. Firstly, with respect to the factor of 
grain size, experimental results have shown that the grain size near surface is a little 
smaller than and that in the core of material. In this case, the grain size gradient is 
supposed to hinder the liquid migration from the surface to the interior. 
Secondly, regarding the factor of carbon content, the Co gradient observed in this 
study might be induced by the difference in the carbon content as it will drive the liquid 
Co flowing from the surface with higher carbon content to the core with lower carbon 
content. However, as has been mentioned in Section 3.2.3, the effect of carbon on the 
redistribution of the Co phase is limited. Work by the present author [1] has reported that 
the differences in cobalt content induced solely by the difference in carbon content 
ranging from the stoichiometric carbon content to a super-stoichiometric carbon content 
(at the left boundary of the WC(s)-Co(l)-Graphite(s) field (Figure 3.1)) was less than 1.0 
wt% Co. The actual Co gradient formed in this study is about 4.0 wt%. Therefore, the 
carbon content gradient is either not a primary factor that creates the Co compositional
gradient. 
Lastly, in terms of the factor of the liquid volume fraction, it is very likely to be the 
dominant factor. It has mentioned in Section 4.3.3.1 that the W-C-Co-Cr system possess 
a WC(s)-Co(l)-Co(s)-coexisting range in which the volume fraction of liquid Co phase 
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has a strong dependency on the carbon content. This provides a probability to bring about 
a difference in the liquid volume fraction through creating a carbon content gradient. 
Upon the above discussions, we considered that the graded volume fraction of liquid 
phase is the dominant factor inducing the liquid migration and therefore the Co gradient. 
The mechanism proposed for explaining the gradient formation in the inhibitor added 
ultrafine WC-Co materials will be the same as that for the straight WC-Co materials, 
which has been described elsewhere in Section 3.2.3.
Moreover, a continuous gradient of Cr in Co phase was observed in Figure 4.14. Cr 
has a high solubility in both solid and liquid Co phase and thus in the case of this study 
Cr would dissolve completely in the Co binder phase at the treating temperature. 
Intuitively, Cr will transport inwardly with the inward migration of liquid Co phase. 
However, the concentration of Cr was observed to be higher near surface than the 
interior. This indicates that Cr diffuses outwards from the interior to the surface rather 
than flowing with the inward liquid migration. This can be understood by hypothesizing 
that it exists a thermodynamic coupling between the inward carbon diffusion and the 
outward Cr diffusion. The inward diffusion of carbon from the atmosphere into the 
material causes Cr to diffuse in the opposite direction from the carbon poor core region 
outwards to the carbon rich surface region. As a consequence, a Cr gradient with higher 
concentration near surface than in the interior develops. In fact, a similar phenomenon 
was observed during the sintering of cemented WC-Co containing (Ti,W)(C,N) under the 
denitriding atmosphere [13, 14]. It was reported that Ti was depleted in the surface region 
as a result of the surface denitriding treatment. This phenomenon was interpreted in many 
articles that it is the strong coupling of Ti and N causing the inward diffusion of Ti driven 
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by the outward diffusion of N, therefore the surface zone was observed to be depleted of 
Ti. However, it is worth noting that further evidence is needed to verify the coupling 
relations between C and Cr so as to explain the formation of Cr gradient in the present 
study. 
4.3.3.3 Applications of the Surface Treatment Process  
In this study, the successful application of the carburizing treatment process in the 
Cr3C2 added WC-Co materials provides a good example that the concept of surface 
atmosphere heat treatment process could be utilized to fabricate functionally graded 
materials (FGM) in many other material systems. It will be valuable to utilize this surface 
treatment process for manufacturing FGM because it is extremely cost effective. Hence, 
we summarized a series of steps to design the surface treatment process available for 
making FGM. The first step is to confirm whether the material in thermodynamics has 
satisfied the prerequisite for using the surface treatment technique, specifically, whether 
the material possesses the phase equilibria between solid and liquid phase. The second 
step is to choose an element that can control the phase conversion between the solid and 
liquid phase, for example carbon can do that for the Co phase in WC-Co material. The 
third step is to determine the liquid-solid-coexisting temperature range for the specific 
material system either by looking up the phase diagram or via directly measuring the 
melting temperatures using differential thermal analysis. Finally, a suitable heat treatment 
media (either gaseous, liquid or solid), which can supply the selected element for the heat 
treatment process is chosen.
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4.3.4 Conclusions
This research has shown that via conducting a postsintering carburization heat 
treatment, a Co gradient can be created within the Cr3C2 added WC-Co material. The 
temperature for the carburizing heat treatment must be within the solid-Co-liquid-Co 
coexisting phase field. The formation of the Co gradient in W-C-Co-Cr system can be 
attributed to the same mechanism proposed for the W-C-Co system.
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The postsintering carburization process has proved to be effective for producing FG 
WC-Co for a wide range of WC-Co grades; showing that the graded structure relies on 
the kinetic control of the process. To achieve a desired or designed gradient, a study of 
the kinetics of the overall process is indispensable. The mechanism of the gradient 
formation suggests that the kinetics of the gradation are the results of several 
subprocesses involved in the carburization process: (i) surface carburizing reaction, (ii) 
carbon diffusion in the semisolid-semiliquid material, (iii) carbon diffusion in the fully 
solid material, (iv) phase transformation of solid Co to liquid Co, and (v) the migration of 
liquid Co. This dissertation assumes that the carbon diffusion is rate controlling step for 
the kinetics of the overall process. Therefore, a diffusion controlled kinetic model is 
derived in the following section. 
5.1 Description of the Model
The process model is established and illustrated with the schematic diagram of Figure 
5.1. The concentration of carbon in the Co binder phase varies with the distance (x) from 
the surface. Before the process begins (t=0), initial carbon composition in Co phase 
throughout the material is uniform at [C]i. Since the initial overall-carbon-content (Ci) of 
WC-Co sample is located in the Co(s)-WC(s) two-phase region (as denoted in Figure 3.1)
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Figure 5.141Schematic illustration of the model for describing the kinetics of gradient 
formation during the carburizing heat treatment process.
, there is no liquid phase existing prior to the process at any given temperature within the 
range of the triple phase field (1300oC, for instance). Upon carburization (t>0), the 
overall-carbon-content of the material is increased to a value higher than Ci and 
correspondingly the carbon concentration in the Co phase near the surface is increased to 
[C]Surf (Figure 5.1) as a result of the diffusion of carbon into the material, even though the 
carbon composition in the not yet affected core region is still homogeneous at [C]i. The 
difference in the carbon concentration in Co between the surface and the core of the 
specimen, expressed by ([C]Surf -[C]i) provides the driving force for the inward carbon 
diffusion. A carbon gradient is thus formed near the surface region in which the carbon 
content decreases gradually from [C]Surf to [C]i as a function of depth from surface, x.
[C]i
[C]Eq.liq
][2 24 CHCH )
Region II:
Solid/liquid Co  
Region I:
Solid Co





Initial distribution of [C] (t=0)
Position (x)








When the carbon concentration in the Co phase is increased to a threshold value 
corresponding to the overall-carbon-content of CS (as seen in Figure 3.1), the solid Co 
phase is partially transformed to liquid according to the phase equilibrium of W-C-Co 
system (Figure 3.1). 
As a result, two moving interfaces (MI and MII) are formed in the near surface region. 
As shown in Figure 5.1, the interface MI represents the carbon diffusion front which 
separates the carburized surface region and the not yet affected core region; MII
represents the boundary between the region (Region I) that contains solid Co phase only 
and the region (Region II) that contains both solid and liquid Co. 
The entire process of the Co gradient formation the consists of several subprocesses: 
the deposition of methane at the surface, solution of carbon in Co at the surface, the 
diffusion of carbon in the Co phase, the phase transformation of solid to liquid Co, and 
the migration of liquid phase once there is a gradient of the volume fraction of liquid Co
phase. First, it is reasonable to assume that the processes of surface reaction and the 
solution of carbon in Co are not the rate controlling step otherwise there would be neither 
carbon nor cobalt gradient within the material. Second, the phase transformation from 
solid to liquid Co is generally a diffusion-controlled process and only the interfacial 
transition from solid to liquid needs to be considered as a part of the overall process. 
Lastly, the migration of the liquid phase from the surface area with higher volume 
fraction of liquid to the core area with lower volume fractions of liquid is also a relatively 
rapid process based on previous published research of the present author [1]. Considering 
the above, it is therefore assumed that diffusion is the rate controlling step of the whole 
process of the formation of Co gradient. The governing equations shall thus be 
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established based on the diffusion of carbon through the solid and liquid phase of Co. The 
first moving interface MI is determined by the maximum distance of carbon diffusion, 
whereas the second interface MII is determined by the diffusion of carbon through the 
liquid Co phase. By modeling the diffusion of carbon and therefore the carbon 
compositional profile, the positions of the two moving interfaces can be determined as a 
function of time, which in turn allows us to estimate the distance of Co migration, i.e. the 
thickness of the gradient.  
5.2 Governing Equations
On a basis of the above assumptions, the process problem can be modeled as a one-
dimensional diffusion-controlled, two-phase moving boundary problem. Diffusion 
controlled moving boundary problems occur in a wide range of physical and engineering 
processes that associate with heat transfer or mass diffusion incorporating a concurrent 
phase transformation [2-4]. In this dissertation, the governing equations are formulated 
according to Fick’s second law. 















, for LxtS   )( (5.1)
where [C]Sol is the carbon concentration in solid Co phase in unit of molar fraction (mol 
%) which is a function of position, x and time t. effSD is the effective diffusion coefficient 
of carbon in solid Co phase and is assumed to be constant independent of x. S(t) as 
labeled in Figure 5.1 is the position of interface MII at time, t. L is the position of the far 
boundary from the surface. 
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To obtain the diffusion equation for Region II which is a mixture of WC, solid Co, 
and liquid Co phase, only the diffusion in the liquid is considered because the diffusion in 
















, for )(0 tSx   (5.2)                                
where [C]Liq is the carbon concentration in liquid Co phase in molar fraction (mol%) 
varying with t and x. effLD is the effective diffusion coefficient of carbon in the liquid Co 
phase and is assumed to be constant, which is independent of position, x.
Equations (5.1) and (5.2) have the following boundary equations: 
SurfCC ][][  , for 0x , 0t
iCC ][][  , for Lx  , 0t
where [C]Surf is the carbon concentration at the surface. [C]Surf, depending on the heat 
treating temperature and the carbon potential of the atmosphere, is assumed to be 
constant during the process. 
The initial condition is given as: 
iCC ][][  , for Lx   0 , 0t
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Considering the mass conservation at the moving interface MII, the net flux of carbon 
within an infinite small volume ( AS  , where A is the cross-section area for flux) near 



















)()][]([ ..  (5.3)
where [C]Eq.liq and [C]Eq.sol are the concentrations of carbon in liquid and solid Co 
respectively at MII. Assuming the system is locally at thermodynamic equilibrium at MII,
[C]Eq.liq and [C]Eq.sol are the equilibrium carbon compositions that can be determined from
the equilibrium phase diagram.
5.3 Analytical Solution
The governing equations (5.1)-(5.3) form a coupled system of nonlinear differential 
equations and can be solved analytically using error functions along with the boundary 

































, for LxtS   )( (5.5)
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  
 

( S(t) must be 
proportional to t to satisfy equations (5.4) and (5.5) for any t, i.e.,
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tDtS effL  %2)( (5.6)
It should be noted that  is a constant with respect to only t and x; but it would change 
depending on specific composition conditions such as the partial pressure ratio of gases 
in the atmosphere.




























L DDv / . To obtain the unknown constant , the transcendental equation 
(5.7) will be solved iteratively using the so-called Newton’s method [5], which is 
described as follows.     
5.4 Dependence of Gradient as Function of Key Process Factors
This section focuses on establishing a quantitative relation between the gradients and 
the key process factors including PCH4 /PH2 2 ratio of the heat treating atmosphere and 
time. This is accomplished based on the kinetic model as described above. Prior to 
carrying out the computations, the numeric parameters involved in the model need to be 
determined. Most of the parameters were determined through thermodynamic 
calculations. For some parameters that are not available in literature, they are estimated 
using a regression-fitting procedure based on the experimental data of this dissertation, 
which will be elaborated as follows. 
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5.4.1 Determination of Parameters
In order to solve equation (5.7), we must determine all the numerical parameters 
including the parameter , diffusion coefficients effSD and 
eff
LD , and all the composition 
values as shown in equation (5.7). We will first assign a value of )(iDeffL and back 
calculate a corresponding )(i% from equation (5.7) using the technique of Newton’s 
method.  is then used to calculate a value S(t)(i) that corresponds to the set of values 
of effLD and  based on equation (5.6). The value of S(t)(i) is then compared to 
experimentally determined thickness of gradient. The absolute difference ( ||  ) between 
the calculated S(t) and the experimental value will be used as a criterion to determine the 
values of effLD and . When ||  is less than 1.0, the iterative calculations will stop, 
otherwise the program continues to run until an acceptable set of effLD and  values are 
found.
To carry out the above algorithm, however, the values of [C]Surf, [C]Eq.liq, [C]Eq.sol,
[C]i, and effSD must be known. The equilibrium carbon compositions at the interface 
([C]Eq.liq and [C]Eq.sol) in molar fraction (mol%) can be determined from ternary Co-W-C
phase diagram at 1300oC [6]. The ternary Co-W-C phase diagram is available in the
literature based on calculations using commercial thermodynamic simulation software, 
such as Thermo-calc [7]. Figure 5.2a plots the relationship between the carbon 
concentrations in Co phase and the overall-carbon-content of WC-Co composite at 
1300oC. Within the Co(s)-Co(l)-WC(s) equilibrium region, [C]Eq.liq is 10.56 mol% and 
[C]Eq.sol is 2.76 mol% as noted in Figure 5.2a. 
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Figure 5.242The dependences of (a) molar fractions of carbon ([C]) at 1300oC as a 
function of the overall-carbon-content of WC-Co with a constant Co content of 10.0 wt% 
and (b) volume fractions of solid Co (uS) and liquid Co (uL) at 1300oC as a function of the 










5.30 5.35 5.40 5.45 5.50 5.55 5.60 5.65 5.70











































Molar fraction of C
in liquid Co 
Molar fraction of C


















5.30 5.35 5.40 5.45 5.50 5.55 5.60 5.65 5.70







































Volume fraction of 
liquid Co  
Volume fraction of
solid Co 





Ci (as seen in Figure 3.1)
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Similarly, the initial carbon composition in the cobalt phase, [C]i can be obtained 
from its raw material composition and the dependence of the carbon composition as a 
function of the overall-carbon-content. As the overall-carbon-content of WC-10Co 
sample studied in this paper is designed to be 5.36 wt%, [C]i is obtained as 1.49 mol% 
from Figure 5.2a. 
Further, effSD is needed for carrying out the algorithm to determine 
eff
LD and .
According to the experimental studies on the solid state dissolution of carbon in Co, the 
 

       .& 	2/s at 1300oC [8, 9]. However, 






where uS is the volume fraction of solid Co phase. uS can be determined from the molar 
volumes and mole fractions of WC, solid Co and liquid Co phases. The molar volumes of 
WC, solid Co and liquid Co were calculated based on the reported dependence of molar 
volume of each individual phase as a function of their compositions and temperatures 
[12]. As mentioned in this section, the compositions of the solid and liquid Co phase can 
be obtained from the W-C-Co ternary phase diagram and the results were shown in 
Figure 5.2a. Then the dependences of us versus the overall-carbon-content of WC-Co at 
1300oC were obtained and plotted in Figure 5.2b, in which the volume fraction of solid 
Co phase (uS) within Region II is obtained to be 19.5 vol%. Thus, the effective diffusion 
coefficient ( effSD ) in Region II is given as 1.'	
2/s. 
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Another compositional parameter that needs to determine is [C]Surf - the carbon 
concentration in the Co at the surface. [C]Surf depends on the carbon potential in the 
atmosphere, namely the ratio of partial pressures of gases in the atmosphere. However, 
once the cobalt phase is saturated when the carbon potential is high enough, [C]Surf will 
remain constant at [C]Sat.surf. Further increase of the overall-carbon-content will lead to 
the precipitation of free carbon phase. Using the same approach for calculating [C]Eq.liq
and [C]Eq.sol, the [C]Sat.surf is determined to be 12.40 mol% (as denoted in Figure 5.2a). 
With the known [C]Eq.liq, [C]Eq.sol, [C]i, effSD , and [C]Sat.surf,
eff
LD can be determined by 
fitting the calculated position of interface MII, namely S(t), with the experimentally 
measured thickness of gradient obtained under the atmosphere with the PCH4 /PH2 2 ratio of 
1/35 atm-1. This is because when the sample is treated under this atmosphere, free carbon
phase was precipitated near surface of the material suggesting that [C]Surf reached the 
value of [C]Sat.surf (12.40 mol%). Following the procedure described in the first paragraph 
of this section, effLD was obtained to be &	
2/s since it gave the best-fitting results.
To determine the values of [C]Surf at other levels of carbon potential in the 
atmosphere, we need to rely on using all the known parameters as described above 







&	2/s. The dependence of [C]Surf on PCH4 /PH2 2 ratio of the 
atmosphere is assumed to follow a polynomial relationship as:
2
210 )(][ rrSurf PaPaaC  (5.9)
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where a0, a1, and a2 are empirical coefficients to be determined. As mentioned in Section 
4.1.2.1, the ratio of the partial pressures of the gases in the atmosphere (Pr) is given as 
PCH4/PH2 2. To determine the empirical coefficients a0, a1, and a2, another iterative 
algorithm based on Newton’s method is used. At the beginning of the iterative procedure, 
an arbitrary value of [C]Surf is used in equation (5.7), which allows calculation of a 




   
   ( 
( & 	
2/s. 
Based on the new , equation (5.6) is used to calculate S(t) which will be compared with 
the experimental value of the thickness of gradient. If the difference between the 
calculated S(t) and the experimental value is unsatisfactory, a new [C]Surf will be selected 
for a new iteration. The procedure will continue until it is found a [C]Surf value that yields 
satisfactory agreement between the experimental data and the predicted thickness of 
gradient. 
Using the above procedure, values of [C]Surf for each corresponding gas ratio Pr were 
calculated. The calculated values of [C]Surf was then used to fit equation (5.9) using linear 
regression procedures. The polynomial coefficients were thus obtained as a0=0.1100, 
a1=-0.6722 and a2=40.4915. Therefore, the dependence of [C]Surf as a function of Pr is 
expressed as:
2)(4915.406722.01100.0][ rrSurf PPC  (5.10)
and also plotted in Figure 5.3. Using equation (5.10), we can predict the surface 
composition as a function of atmosphere PCH4 /PH2 2. Therefore, it allows us to design Co 
gradients by varying the composition of the atmosphere, which will be discussed later.
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Figure 5.343Predicted values of [C]Surf vs Pr and the simulated profiles for correlating 
[C]Surf and Pr.
5.4.2 Prediction of Gradient Thickness as Function of Pr and t
There are mainly two kinds of outputs from this model: (i) the distribution of carbon 
concentration and (ii) the position of the moving interface MII. As an example, the 
calculated carbon profile vs distance (x) from the surface for the sample heat treated 
under the atmosphere of PCH4 /PH2 2 ratio of 1/150 atm-1 at 1300oC for 60 minutes is
plotted in Figure 5.4. It shows the position of the interface MII  '.& 	 	 

original surface, indicating that the thickness of the gradient zone would be 
approximately the same. 
Simulations were performed to predict the thickness of gradient zones as a function of 
time. The calculated results are compared to the experimental data as shown in Figure 4.5 
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Figure 5.444Simulated profiles of carbon composition in Co phase in the WC-10Co 
sample treated under the atmosphere of PCH4 /PH2 2 ratio of 1/150 atm-1 at 1300oC for 60 
minutes.
well with the experimental data. However, there is a significant discrepancy between the 
two when the holding times are longer than 360 minutes. This is qualitatively understood
on the basis that the cobalt content near the surface is very low after such an extended
period of time due to the loss of cobalt for migration. In that case, the assumption of 
constant diffusion coefficient is no longer valid.  
The mathematic model was also used to compute the thickness of the gradient as a 
function of atmosphere conditions. The simulated results of gradient thickness as a 







































Figure 5.545Comparison of experimentally measured thicknesses of Co gradients with 
simulation results.  
values of the thicknesses of gradient are included in Figure 5.5 for comparison. Clearly 
the model and experimental results agree well.
From an industrial perspective, establishing the quantitative dependence of the 
thickness of the gradient on the two primary processing parameters is very important 
because it defines the envelope of processing parameters. To further illustrate the utility 
of the model, the simulated thicknesses of cobalt gradient as a function of both the 
atmosphere and time were computed and shown in Figure 5.6, in which each trend line 
shows the dependence of gradient thickness on the PCH4 /PH2 2 ratio of the carburizing 
atmosphere while holding the length of time of heat treatment constant. Figure 5.6 can be 
























.. Simulation results 
Experimental results 
Treated with the holding time of 
60 minutes at 1300 oC
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Figure 5.646Simulated thicknesses of Co gradients as function of the atmosphere, Pr and 
time, t at the heat treating temperature of 1300oC. 
5.5 Dependence of Gradient as Function of Key Materials Factors
In this section, the effects of key material factors (Co content and grain size) were 
modeled and simulated. This is done through a similar procedure proposed for analyzing 
the effects of the processing as described in Section 5.4.
5.5.1 Determination of Parameters
In order to predict the formation of gradient employing the kinetic model described 
above, the following parameters are taken as inputs to solve partial differential equations 
(1)-(3) analytically including: 










































(2) The surface and bulk carbon compositions, [C]Surf and [C]i, respectively;




The equilibrium carbon compositions at the interface ([C]Eq.liq and [C]Eq.sol) in unit of 
molar fraction (mol%) can be determined from a ternary Co-W-C phase diagram at 
1300oC [6]. The ternary Co-W-C phase diagram is available in literature based on 
calculations using commercial thermodynamic simulation software, such as Thermo-calc
[7]. Figure 5.7 plots the relationship between the carbon concentrations in Co phase and
Figure 5.747Molar fractions of carbon (xC) in solid Co and liquid Co at 1300oC with 
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the overall-carbon-content of WC-Co composites with constant Co contents of 6.0, 10.0 
and 16.0 wt% at 1300oC. Within the Co(s)-Co(l)-WC(s) equilibrium region, [C]Eq.liq and 
[C]Eq.sol for each WC-Co sample used in this study are denoted in Figure 5.7 and listed in 
Table 5.1. Similarly, the initial carbon content in the cobalt phase, [C]i of each WC-Co 
sample can be obtained from its raw material composition (Table 4.1 in Section 4.2.1.1) 
and the dependence of the carbon composition as a function of the overall-carbon-content 
of Figure 5.7. The results of [C]i are given in Table 5.1. 
Another compositional parameter that needs to be obtained is [C]Surf - the carbon 
concentration in the Co at the surface, which is a parameter dependent on the atmosphere
PCH4 /PH2 2 (namely, Pr). As described in Section 5.4.1, it has derived an empirical 
expression (ie., equation (5.10)) to describe the variation of [C]Surf as a function of Pr.
Thus, using equation (5.10), the values of [C]Surf for the corresponding atmospheres 
(Tables 4.2 and 4.3 in Section 4.2.1.2) can be obtained and summarized in Table 5.2.
Further, effSD needs to be known. It has been described in Section 5.4.1 that 
eff
SD can 
be determined using equation (5.8) by considering the labyrinth effect on carbon 
diffusion in composite materials. To be able to employ equation (5.8), the volume
fraction of solid Co phase (uS) needs to be known. In this research, uS was determined
Table 5.16Values of carbon contents used in simulation
Samples















Table 5.27[C]Surf at different atmosphere conditions
from the molar volumes and mole fractions of WC, solid Co and liquid Co phases. The 
molar volumes of WC, solid Co and liquid Co were calculated based on the reported
dependence of molar volume of each individual phase as a function of their compositions
and temperatures [12]. It has been mentioned in Section 5.4.1 that the compositions of the 
solid and liquid Co phase can be obtained from the W-C-Co ternary phase diagram with 
the results shown in Figure 5.7. Then the dependences of uS versus the overall-carbon-
content of WC-Co at 1300oC were obtained and depicted in Figure 5.8, according to 
which the volume fraction of solid Co phase within Region II, uS is determined and exact 
values of effSD for each individual sample are acquired in Table 5.3. 
To determine the effective diffusion coefficient ( effLD ) for carbon diffusion within 
Region II (see Figure 5.1), we assume it to be constant for a particular sample. effLD is 
obtained through the following best-fitting procedure based on the experimental data of 
measured gradient thickness. As an example, the procedure for calculating effLD of the 
WC(f)-10Co sample is given as follows. Firstly, we will assign a arbitrary value of effLD .











Figure 5.848Volume fractions of solid Co (uS) and liquid Co (uL) at 1300oC as a function 
of the overall-carbon-content of WC-Co with constant Co contents of (a) 6.0 wt%, (b) 
10.0 wt% and (c) 16.0 wt%.









WC(f)-10Co 10 19.47 1.517
WC(m)-10Co 10 19.47 1.517
WC(c)-10Co 10 19.47 1.517
WC(c)-6Co 6 12.01 0.576
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[C]Surf and effSD (Tables 5.1-5.3) are used as inputs to calculate the corresponding % from 
equation (5.7). As there are four different atmosphere conditions used to treat the WC(f)-
10Co sample, it will have four [C]Surf values for each atmosphere condition and
correspondingly we will obtain four values of % , namely 1% , 2% , 3% and 4% . Secondly, 
we use the 1% , 2% , 3% and 4% values to compute the gradient thicknesses of )(tS based 
on equation (5.6) and so that it will arrive four )(tS values that are 1)(tS , 2)(tS , 3)(tS ,
and 4)(tS respectively. Thirdly, the calculated values of 1)(tS , 2)(tS , 3)(tS , and 4)(tS
are compared to the experimentally measured gradient thickness, namely (XG)1, (XG)2,
(XG)3, (XG)4 for the purpose of computing the sum of difference (R2) between the 






n XtSR  +

(5.11)
where n is the series of the atmosphere conditions and XG is the measured gradient 
thicknesses that could be found in Tables 5.4-5.5. Fourthly, R2 is taken as a criterion to 
determine effLD , which means that the iterative calculations will not stop unless R
2 is 
minimized and finally an acceptable effLD value is found. 




Pr of atmosphere (atm-1)
1/35 1/50 1/75 1/150
(XG)1 (XG)2 (XG)3 (XG)4
WC(f)-10Co 287.5 209.6 125.41 125.41
WC(m)-10Co 209.06 125.41 91.95 55
WC(c)-10Co 142.14 91.95 41.76 25.03
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Pr of atmosphere (atm-1)
1/40 1/75 1/150
(XG)1 (XG)2 (XG)3
WC(c)-6Co 108.68 75 55
WC(c)-10Co 85 65 45
WC(c)-16Co 75 25 15
Through the exactly same procedure as described above, effLD for the rest of samples 
are acquired and their values were indicated in Figure 5.9. It also shows a comparison of 
the simulated gradient thickness and the experimentally measured gradient thickness. A 
good agreement is observed between the model and experimental results. It worth
pointing out that for the WC(c)-10Co sample, two sets of effLD #
-%.#%%&	
2/s) 
were obtained because this sample was treated in two groups of experiments (Tables 4.2-
4.3 in Section 4.2.1.2). Even though the two values of effLD were determined under 
different experimental conditions, they show a close agreement demonstrating that the 
model used for calculating the diffusion parameter is reliable. 
5.5.2 Dependences of DLeff and DSeff on MCo and dWC
In previous models [11] for simulating component diffusion in composite materials, it 
is common to introduce a so-called labyrinth factor to multiply a bulk diffusivity to 
reduce the diffusion coefficient in matrix under the consideration that the diffusion in the 
matrix is partly blocked by the presence of dispersed grains [10]. This treatment is
virtually based on two major hypotheses, namely, it only considers volume diffusion and 
the diffusion occurs only in the continuous matrix phase. The labyrinth factor, which has
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Figure 5.949Comparison of experimentally measured gradient thickness vs simulated 
gradient thickness in samples of (a) WC(f)-10Co, WC(m)-10Co and WC(c)-10Co and 
samples of (b) WC(c)-6Co, WC(c)-10Co and WC(c)-16Co. 
a value between zero to unity, depends on the fraction of dispersed grains, their 
morphology and size distribution. For some simple shapes and distributions of the grains,
such as a random distribution of equally sized non-interacting spheres, the labyrinth 
factor (:) can be calculated as [10, 11]:
2u, (5.12)                                
where u is the volume fraction of the matrix phase. 
In this dissertation, we have tried to apply equation (5.12) to determine the diffusion 
coefficients ( effSD and 
eff
LD ) so as to predict the formation of gradients employing the 
established kinetic model. It turns out that the agreement between the simulations and the 
experimental results is however not satisfactory. Firstly, the simulations indicate that the 
material with higher nominal Co content will have larger volume fraction of Co phase 



































































observations of this study are completely opposite and the rate of gradient growth 
decreases rather than increases with Co content. Secondly, the simulations show that 
there is no difference in the gradients among the samples with varying grain size, which 
was not found in the experiments.
It seems that the labyrinth factor cannot explain the experimental results of the 
present work. We believe it is because here labyrinth factor does not apply to 
determine effLD . It should be pointed out that it is still reasonable to use labyrinth factor to 
calculate effSD for the diffusion in Region I (Figure 5.1) where the matrix Co is all in 
solid. However, if employing the labyrinth factor to calculate effLD in the Region II 
composed of both solid and liquid Co, the labyrinth effect is no longer applicable because 
the labyrinth factor is proposed for the diffusion in continuous matrix phase (i.e., a fully 
solid or a fully liquid Co phase). In order to interpret the influences of Co content and 
grain size in this study, we believe the critical factor lies in the Co/WC and 
Co(solid)/Co(liquid) interface and they accelerate the kinetics of carbon diffusion. In fact, 
the transport of carbon can take place not only in the Co phase but also along the 
interfaces and in certain circumstance the interfaces can provide an easy path for faster 
diffusion. In that case, it is not difficult to understand that the material with finer the grain 
size and/or lower the binder content provides more interfacial area, thereby enhancing the 
kinetics of the carbon diffusion and promoting the gradient development. Hence, a Co 
gradient with wider thickness and greater amplitude is created in the materials with finer 
grain size and lower Co content. 
The influence of Co content and WC grain size has been explained qualitatively. To 
quantitatively predict the formation of the gradient as function of material factors, a 
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simple way is to correlate diffusivities with these material factors. Following the 
procedures described previously in Section 5.4.1, we have obtained the modeled diffusion 
coefficients ( effLD ) for the known grain size (dWC 	!
-MCo in weight 
percent) as listed in Table 5.6. It is clearly seen in Figure 5.10 that the value of effLD
varies linearly with (dWC)-2 and (MCo)-1. Then we assume an empirical relation to 







where k is a coefficient to be determined. From equation (5.13), k can be calculated with 
the measured dWC and MCo and the modeled effLD . The calculated values of k are listed in 
Table 5.6 and it is found that k varies from 2.25 to 3.68. The scatter for the values of k
may be attributed to the variations in measuring WC grain size and gradient thickness. 
Substituting an average value of k (k=3) into equation (5.13), the dependence of diffusion 








Table 5.611Modeled values of effLD and k
eff
LD -	
2/s) MCo (wt %) dWC -	! Calculated k
71 10 0.72 3.68064
33 10 1.02 3.43332
14.6 10 1.55 3.50765
16.5 6 1.62 2.598156
11 10 1.55 2.64275
5.5 16 1.60 2.2528
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Figure 5.1050The plots of DeffL as function (a) (dWC)-2 and (b) (MCo)-1.
using equation (5.14), we can approximate effLD as a function of the Co content and the 
grain size of the WC-Co material. With effLD , we can design the gradients by using 
different WC-Co grades, which will be discussed in the following section. 
5.5.3 Prediction of Gradient Thickness as Function of MCo and dWC
Following the procedure described above, simulations were performed to predict the 
effects of the key material factors. The calculated results of thicknesses of Co gradient as 
a function of Co content (MCo) and WC grain size (dWC) were shown in Figure 5.11, in 
which each trend line shows the dependence of gradient thickness on the grain size of 
materials while maintaining the Co content constant. Based on the theoretical 



































Figure 5.1151Simulated thickness of Co gradients as function of grain size (dWC) and Co 
content (MCo) formed under the atmosphere of PCH4 /PH2 2 ratio of 1/50 atm-1 at 1300oC
for 60 minutes. 
5.6 Numerical Solution 
The kinetic model can also be resolved numerically by a finite difference method. A 
numerical method developed by Zhou and North [13] was used in the present dissertation 
as a reference to validate the analytical method. This numerical method has been proved 
to be accurate and efficient for solving one-dimensional two-phase moving boundary 
problem. The detailed solution algorithm is given in the Appendix. The calculated results 
obtained by the numerical method are in good agreement with the solutions solved by the 






































The numbers are the Co content 
(MCo) in weight percent
148
5.7 Conclusions
A kinetic model has been established based on the assumption that the carbon 
diffusion process is rate-controlling step of the overall kinetics of gradient formation. The 
quantitative dependence of the thickness of gradient zone on both the key process 
parameters (atmosphere and time) and the key material variables (Co content and WC 
grain size) has been obtained. It enables the prediction of the final gradient developed 
under different heat treatment conditions and in different materials. The simulations were 
found to agree well with the experimental results. 
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CHAPTER 6
CONCLUSIONS
This dissertation describes the study of thermodynamics and kinetics of an
atmosphere heat treatment process for creating Co gradients in WC-Co composites. Both 
the thermodynamic analysis and the experiments demonstrated that WC-Co with a 
reduced surface Co content can be produced by heat treating it in a carburizing 
atmosphere. WC-Co with an enriched surface Co content can be developed through heat 
treating it in a decarburizing atmosphere. For both the carburization and decarburization 
process, the temperature must be within the WC-Co(s)-Co(l) coexisting region. The 
mechanism of the Co gradient formation during the carburization (or the decarburization) 
process can be summarized as follows: (1) surface carburization (or decarburization) 
occurs; (2) solid (or liquid) Co in surface region partially or totally transforms to liquid 
(or solid); (3) liquid Co in surface region increases (or decreases); (4) balance of liquid 
Co distribution between surface and core regions is broken; (5) liquid Co migrates from 
surface (or core) region to core (or surface) region; and finally (6) Co gradient forms. The 
resulted gradient from this process depends on the control of the kinetics of the processes 
including carbon diffusion and liquid migration.
During the carburization process, the formation of the graded structure strongly 
depends on the key process parameters (treating atmosphere and holding time) and the 
key material variables (Co content, WC grain size). It was experimentally shown that 
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increasing the PCH4 /PH2 2 ratio of the atmosphere or extending the holding time increases 
the thickness and the amplitude of Co gradients. The thickness of the gradient follows a 
parabolic law with time, suggesting that the overall kinetics of the process is controlled 
by the diffusion of carbon in the Co binder phase. Furthermore, the WC-Co material with 
lower Co content or finer grain size tends to form a gradient with wider thickness and 
larger amplitude. 
The carburizing atmosphere heat treatment process is also feasible for the grain 
growth inhibitor (Cr3C2) doped WC-Co materials as well as straight WC-Co materials. A 
similar cobalt gradient microstructure can be created within the Cr3C2 added WC-Co
composites by heat treating the composites in carburizing atmospheres at temperatures 
within the Co(s)-Co(l)-coexisting phase region. The formation of the Co gradient in W-C-
Co-Cr system can be attributed to the same mechanism as proposed for the straight W-C-
Co system excluding the possible mechanisms due to grain size gradient and carbon 
content gradient. Note that the diffusion of carbon accompanies a coupling diffusion of 
chromium. 
A model for simulating the kinetics of the formation of gradient in the carburization 
process was constructed based on the assumption that the proposed process is diffusion 
controlled. The governing equations in this model were derived by treating the 
carburization process as a one-dimensional diffusion-controlled, two-phase moving 
boundary problem. The governing equations along with the boundary equations were 
resolved analytically and numerically. Various composition and diffusion parameters 
involving in this model were obtained through the following two ways: (1) 
thermodynamic calculations; (2) regression-fit of the simulation results with the 
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experimental data was used to determine the parameters that were not easily available in 
literature. 
In this model, a quantitative relationship between the atmosphere and the surface 
carbon concentration was established as follows:
2)(4946.4067219.010996.0][ rrSurf PPC 
where Pr is the PCH4 /PH2 2 ratio of the atmosphere and [C]Surf is the carbon concentration 
in the Co at the surface. In addition, a quantitative dependence of diffusion coefficient on 








where effLD is the effective diffusion coefficient in liquid Co phase. dWC and MCo are the 
grain size and cobalt content of the material, respectively. Using the above equations, we 
can predict the formation of the gradient as function of process and material factors. The 
prediction of the gradient thickness agrees well with the experimental results. 
Few examples are given in this dissertation to present the application of this research. 
In fact, the present research is expected to have broad applications within the field of 
WC-Co as well as similar composite materials. FG WC-Co materials produced using this 
innovative method are expected to exhibit superior performance in many applications and 
to have a profound impact on the manufacturing industries that use tungsten carbide tools.
APPENDIX
The numerical algorithm used to solve the differential equations (5.1-5.3) (in Section 
5.2) is presented as follows.  
A.1 Discretization of Space and Time
In order to compute values of carbon concentration ([C]), the space x and time t need 
to be discretized as illustrated schematically in Figure A.1. The space domain (x) is 
divided into N+1 equally spaced subdivisions with interval of length x , then we have:
)1/(  NLx                                                     (A.1)
xjx j                                                          (A.2) 
where j represents the mesh point within the space grid and j=0, 1, 2, 3, …, N+1. L is the 
far boundary of the space domain. At any time t, the position of the moving interface MII
(as seen in Figure 5.1) should lie in between two neighboring nodes j=k and j=k+1 as 
schematically shown in Figure A.1. k is calculated as
)/)](([ xtSFIXk                                                  (A.3)
where FIX is a Matlab command to round the element (ie, xtS /)]([ ) to the nearest 
integer. To indicate the positions of interface MII within the two neighboring points, p is 
calculated as:
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Figure A.1 Schematic illustration of the schemes of discretization.
- . XXktSp  /)1()( (A.4)
where 10 // p .
Time step ( t ) is not a constant varying with the velocity of interface movement at a 





                                                   (A.5) 
where E is a constant. Since the interface moves very quickly in the initial period and 
then slows down, this treatment ensures that the time step will be small enough (in the 
initial stage) so that the calculation accuracy will be acceptable.       










A.2 Approximate Diffusion Equation
The differential diffusion equations (5.1) and (5.2) are approximated by replacing the 
derivatives with discrete forms of finite difference expressions. To do this, the Lagrangian 
interpolation algorithm [1] is used. As described in the following section, series of finite 
difference expressions are derived in terms of position of the interface MII, namely the 
value of p.
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where i represents the mesh point of time grid.  j represents the space grid and j=2, 3, … , 
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k              (A.15)  
where the space grid j=2,3, …, k-1, k-2. The finite difference expression for equation (5.2)
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kC , the 
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A.3 Approximate Interface Equation 
Rearranging equation (5.3), it gives:  
dt
























= ]),([ ttSf                                                                                (A.20)
The modified Euler’s method is applied to solve equation (A.20), namely:
]),([)()(0 ttSfttSttS n                                     (A.21)
]}),([]),([{)2/()()(1 ttttSfttSfttSttS nn              (A.22)
where n represents the series of the iteration and n=0, 1, 2…. The iteration at each time 
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]),([ ttSf and ]),([ ttttSf  from equations (A.21) to (A.23) are calculated by the 
following equations (A.24)-(A.29).
































       (A.24)






































Thus, we have: 
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Thus, we have: 
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A.4 Algorithm
The starting point of the position of the interface )( tS  for a very small time step t
is given as 
tDtS effL  %2)(                                              (A.30)
where  is the same variable as that used in illustrating the analytical method (Section 
5.3). It can be calculated using exactly same way as in the analytical method that has 
been described. The numerical proceeds as follows:
(i)    The initial position of the interface is calculated using equation (A.30) and p is 
determined from equation (A.4). The initial carbon concentration, ijC][ (i=1) at 
each nodal point j is obtained with series of boundary and initial equations as 
given in Section 5.2.
(ii)   The carbon concentration ijC][ (i=2) at each nodal point, after the initial interface 
movement, is calculated using ijC][ (i=1) and teh equations (A.6)-(A.19);
(iii) The new moving interface position )( ttS  is calculated starting from the 
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previous position )(tS and computed iteratively by the equations (A.21) and 
(A.22).  The iterations will terminate in terms of the equation (A.23); 
(iv) The redistribution of carbon concentration ijC][ (i>2) from the previous 
concentrations 1][ ijC (i>2) at each nodal point j is calculated using equations 
(A.6)-(A.19);     
(v)    Steps (iii) and (iv) are repeated until the process is completed. 
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